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ABSTRACT 




The thermochromism and chemochromism of polydiacetylene (PDAs) and PDA/ZnO 
nano composites have been systematically studied by attentuated total reflection (ATR)-
Fourier transform infrared (FTIR), temperature-dependent Raman, colorimetric (using 
optical densitometry) and differential scanning calorimetry (DSC). Reversibility of PDAs 
has been enhanced by the formation of chelation between the carboxylic groups on side 
chain of diacetylene and Zn ion. The thermochromatic transition temperature increases 
with the concentration of ZnO  
Thin films of polydiacetylene (PDAs) and PDA/ZnO nanocomposites have been 
successfully fabricated by inkjet printing both solution type and suspension type ink. 
Results suggest that PDA monomers are well-aligned and closely packed following 
printing. By modifying the particle size of PDA monomers or the diacetylene/ZnO 
particle size, reversible PDA ink with wider range of ZnO concentration and longer shelf 
life could be obtained by using water based ink. Also, with inkjet printing technology, 
thin film of PDA and PDA/ZnO composites could be deposited on different substrate 
materials, such as paper, Kapton and Mylar film. 
In order to further study alkyl side chain effect on the sensitivity of PDA, Density 
Function Theory (DFT) simulation is conducted, and the results show that the torsion of 
C-C bond is closely related to the length of the alkyl side chain. 
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CHAPTER 1  
INTRODUCTION 
1.1 Motivation of Polydiacetylene (PDA) Based Chromatic Sensors Development 
Chromatic sensors play a very important role in sensing. The main advantage of chromatic 
sensor is that they  provide a visual color indication of sensing results without the need to 
convert the sensing results to an electronic or numeric signal for further processing
1
. 
Essentially, a visible color change in the sensing material, due to some external stimulus 
such as temperature, is readily recognized. As a chromatic sensor material, 
polydiacetylenes have been widely studied and used, because they can respond to different 
stimuli, such as mechanical stress, thermal stress, chemical stress, and so on
2-6
. However, 
there are two main problems with directly depositing uniform and functionalized layers of 
PDA aggregates during the coating process: 
(a)  The PDA coating has a lower density if it is directly coated onto a substrate. 
This is a consequence of PDA’s long chain structure and lack of chain 
orientation. 
(b) PDA is not soluble in most solvents and PDA aggregates are very hard to 
disperse. Those two factors cause PDA to distribute unevenly on substrates 
resulting in a rough coating surface. 
The poor coating quality with PDA aggregates has limited the application of PDAs. 
The advent of topochemical methods in synthesis of PDA has not only successfully solved 
the aggregation problem, but also has made PDA designable for different applications
7-10
. 
With different pendent site groups, PDA can be formulated for different sensitivity ranges 
for a specific stimulus. With the help of solid state polymerization methods, nano-sized and 
PDA/inorganic composites have been synthesized and reported 
11-16
. Methods that have 




Langmuir-Blodgett (LB) or Langmuir–Schaefer methods. Inkjet printing method has been 
given more attention in polymer thin film fabrication
17-20
.  
1.2 Conjugated Polymers 
Polymers containing alternating saturated/unsaturated bond and delocalized π- electrons 
through their backbones, are often referred as a conjugated polymer (CP) or conducting 
polymers. Conjugated polymers are very unique polymers because of their extended 
π-conjugated system on the backbone. The extended π-bonds contain continuous 
delocalized electrons which give rise to the unique optical and electronic properties. As a 
result, these electro-active polymers are used in a variety of applications including 
field-effect transistors, polymer actuators, light-emitting materials, sensors and solar cells. 
The practical value of conjugated polymers was recognized by Nobel Prize in chemistry in 
2000. Numerous CPs have been investigated and some examples of typical CPs are 
represented in Figure 1.1. Conjugated polymer (CP) systems are very attractive in a sensor 
design because their absorption and emission properties are very sensitive to 
environmental perturbations
15,21-25
. CPs-based sensor systems typically compared to 
conventional small molecular sensors systems by their potentials for signal amplification 
when subjected to external stimuli
26-28

















Figure 1.1 Chemical structures of various conjugated polymers. 
1.3 Polydiacetylene Polymer 
Since the first reports on polydiacetylene (PDA) synthesis appeared at the end of the 1960s 
by Wegner et al.
36,37
, these molecules have captured the imagination of scientists and 
technologists alike due to their unique chromatic properties. Specifically, it has been 
shown that certain diacetylene monomers can be aligned in solutions and polymerized 
through ultraviolet (UV) irradiation, producing a conjugated PDA network
38,39
 (Figure 
1.2). The unique feature of PDA systems has been the observation that the conjugated PDA 
networks often absorb light in the visible spectral region, thereby exhibiting color, in most 
cases blue
40,41
. Moreover, conjugated PDA can undergo phase changes, induced by varied 
environmental stimuli, leading to dramatic colorimetric transformations that are visible to 
the naked eye. Another attractive feature of PDA systems in the context of sensing 
applications has been the fluorescence properties; blue phase PDA is non-fluorescence 
while the red-phase configuration exhibits high fluorescence with minimal bleaching
42-44
.  
Beside the intriguing chromatic properties of PDA, the diverse physical 
configurations of the PDA have attracted broad research interest. PDA systems have been 

















, and even living cells
59
. 
Remarkably, it has been shown that PDA generally retains its chromatic properties in these 
configurations, thus opening the way to construction of varied sensing assemblies. 
Basic Molecular Properties of PDAs 
 
Figure 1.2 Schematic of the topological polymerization of diacetylene under UV radiation. 
The unique chromatic properties of PDA systems arise from the molecular 
properties of the polymer. PDA is formed through 1,4 addition of aligned diacetylenic 
monomers, initiated by ultraviolet (UV) irradiation (Figure 1.2). The diacetylene 
monomers do not absorb light in the visible region, while polydiacetylene appears intense 
blue (absorption peak at around 650 nm) due to electron delocalization within the linear 
p-conjugated framework, and corresponding to a π–π* transition. 
As indicated above, the colorimetric transformations of PDA, induced by a variety 
of external stimuli, have likely been the most interesting and technologically-attractive 




(the blue phase) to around 500 nm (the red phase) is ascribed to disruption of the 
conjugated network, resulting in shorter electronic delocalization lengths. The red phase of 
PDA is accompanied by intense fluorescence, which further exhibits negligible bleaching, 
contributing to utilization of the fluorescence properties in varied sensing applications. 
Despite decades of studies, elucidating the exact mechanisms responsible for the chromatic 
transformations of PDA has not been fully accomplished. It has been recognized that the 
shifts in spectral absorbance are closely linked to structural modifications of the 
conjugated polymer framework
49
. Early models accounting for the spectral/structural 
modulations proposed transformation of the polymer backbone from the ene–yne to a 
butatriene conformation
60
. Recent crystallographic and theoretical investigations have 
illuminated intimate structural aspects pertaining to the chromatic properties. In particular, 
it has been established that the pendant side-chains of PDA play a prominent role in 
affecting the chromatic transformations. The interactions between the functional groups of 
the side-chains are believed to significantly affect the overall conformation of the polymer 
chain, primarily rotations around the C–C bonds affecting the planarity of the backbone 
and concomitant overlap between adjacent π orbitals 
49
. Indeed, theoretical calculations 
suggested that even rotation of a few degrees of the side-groups around the C–C bond 




The realization that PDA side-chains exhibit significant effects upon the chromatic 
properties of the polymer has led to intense research aiming to modulate PDA spectral 
response through synthetic modifications of side-chain functional groups. Efforts have 




essential precondition to photo-polymerization) and the resultant linear polymer chains 
(via side-chain modification). A notable consequence of the close links between crystal 
packing and pendant side-chain orientation is the achievement of color reversibility. While 
most of the early work on supramolecular PDA assemblies demonstrated irreversible color 
transformations, there have been an increasing number of reports depicting color-change 
reversibility via chemical modification of the PDA side-chains
62-64
, thus altering the 
molecular packing and topochemical transformations within the polymer modules
65,66
. 
Synthetic pathway to PDAs 
Early work in the field has mostly focused upon the “standard” diacetylene monomers 
10,12-tricosadynoic acid and 5,7-pentacosadiynoic acid. These monomers, currently 
commercially available, can be aligned in aqueous solutions and the hydrogen bond 
network maintained among the carboxylic headgroups enable the occurrence of ene–yne 
transformations and formation of the polymerized conjugated backbone system 
67
. 
Recent years have witnessed a proliferation of synthesis schemes producing novel 
diacetylene monomeric units. For example, peptide–diacetylene monomers in which the 
diacetylene backbone is flanked by peptide moieties have been reported
68
. And the PDA–
peptide conjugates have been synthesized, bestowing interesting properties to the resultant 
materials
1,69-71
. Vesicles comprising a PDA–histidine derivative and PDA–pentalysine 
which further contained a fluorescent moiety, constituted vehicles for binding and 
detection of lipopolysaccharides (LPS) – the prominent recognition units displayed on 
bacterial surfaces
72
. Specifically, the organized positively-charged amino residues in the 








Monomeric diacetylene units have also been derivatized with non-peptidic 
residues. An assembly of porous “molecular columns” enabled through the polymerization 
process “diacetylene macrocycle” units have been reported 
74
. In essence, the polymerized 
diacetylene network in this case provided the “scaffolding” for the columns, rather than the 
means for optical/spectroscopic transformations. A systematic study has recently 
investigated the crystalline organizations of diacetylene monomers functionalized with 
different phenyl-containing units
75
, revealing that despite the bulky phenyl-substituted 
headgroups, aromatic perfluorophenyl–phenyl interactions facilitated efficient 
polymerization and formation of the conjugated PDA backbone. Indeed, while diacetylene 
monomers can be readily manipulated via diverse synthetic routes, in many cases the 
resultant molecules do not undergo topotactic polymerization to the polymer phase since 




Attaining reversibility of PDA chromatic changes has been among the most 
remarkable achievements in this field. In that regard, synthetic progress has often gone 
beyond establishing a firm understanding of the molecular mechanisms pertaining to color 
reversibility in PDA systems. It is generally accepted that reorganization of the hydrogen 
bond network through synthetic manipulations of the diacetylene headgroups is the core 
factor making possible reversible blue-red transformations of PDA. Accordingly, most 
reversible PDA systems have employed varied schemes for manipulating the polar 




Almost all examples of reversible PDA-based systems have focused upon 
thermally-induced transformations, i.e. blue-red changes brought about by heating, while 
the reversible red blue transformation occurring following cooling. Among the diacetylene 
units shown to affect color reversibility following polymerization were monomers 





, azo chromophore-functionalized diacetylene
80
, secondary amine 
salts
81
, naphthylmethylammonium carboxylate and non-polar benzyl moieties
82, 83
.  
Intriguing reversible thermochromism has been demonstrated in a supramolecular 
system in which PDA was not derivatized (i.e. the conventional 10,12-pentacosadiynoic 
acid has been used)
84
. In that system, temperature-induced reversible color transitions were 
traced to a hierarchical organization in which the PDA domains were encapsulated within a 
poly (vinylpyrolidone) (PVP) matrix. The intercalation of PVP domains within the PDA 
framework was the likely factor enabling reorientation of the PDA head groups affecting 
reversibility of the conjugated polymer network length (and consequent reversible 
chromatic transitions). 
PDA-based composite materials 
Composite materials comprising PDA mixed with or coupled to other molecular species 
have been pursued, yielding in many cases advanced materials exhibiting interesting 
properties. PDA–carbon nanotubes (CNTs) are a case in point
85,86
. In such systems, the 
surfaces of single-walled CNTs (SWCNTs) have been used as a “template” upon which 
organization and polymerization of the diacetylene units occurred. The resultant composite 
materials exhibited intriguing properties. Through interactions with the pendant 




SWCNT surface were capable of solubilizing and stabilizing highly hydrophobic 
substances, such as membrane proteins and dyes
85
. Accordingly, such PDA–SWCNT 
constructs might find uses as “smart detergents” in cosmetics, membrane proteins structure 
determination, and others. Also, it has been noticed that CNTs not only provided a physical 
framework upon which polymerization could be carried out, but also constituted a source 
of fluorescent energy
87
, enable the application of this PDA composite in cellular imaging 
applications. A conceptually-similar PDA–nanostructure system has utilized magnetic 
nanoparticles (NPs) as a template for assembly of the chromatic polymer
88
, the magnetic 
particles not only enabled the topotactic polymerization of the monomers into the extended 
polymer network, but also enable the blue-red transformation could be induced by a 
magnetic field.  
Another major route in PDA technology development is conjugation of PDA with 
inorganic, porous materials. In general, porous materials constitute attractive targets for 
practical applications involving PDA. This is due to the large (internal) surface areas of 
porous matrixes useful for immobilization of high polymer concentration, and 
transparency – making possible exploiting the optical/spectroscopic properties of PDA 
within the inorganic framework
89
. Also, modulation of the diacetylene headgroups should 
not be ignored, and it has led to preparation of self-assembled species displaying 
remarkable structural and functional properties, realizing more PDA composite materials. 







1.4 Inkjet Printing Technology 
Inkjet printing is one kind of fabrication method that enables deposition of materials into 
various patterns on different types of substrate and it has been widely applied to thin film 
fabrication. Metallic, polymer and bio materials are examples of materials that have been 
printed by inkjet printing methods. Because of its drop-on-demand feature, inkjet printing 
has evolved from text and graphic processing to its adaptation as a rapid manufacturing 
technique. Compared with other fabrication methods such as photolithography in 




 Non-contact and low cost method of fabrication 
 Ability to deposit precise amount of materials in a rapid way 
 Ability to print on specific locations which is controlled by computer 
 Low temperature processing with no need for a vacuum 
 Compatibility with various substrates  
 Multilayer structured design 
1.5 Inkjet Printing of PDA or PDA Monomers 
Due to the features of inkjet printing, materials used for inkjet printing either have to be 
soluble or the particle size must be much smaller than the nozzle openings of the printing 
heads. So far, there is no report on directly inkjet printing PDAs. However, this is not 





PDA monomers rather than PDA aggregates are possible for inkjet printing, 
because with proper processing and treatment the monomer sizes will be smaller than the 
nozzle openings. However, inkjet printing of PDA monomers has rarely been reported. 
There is only a few reports on fabrication of PDA films by using inkjet printing. Yoon et al. 
used the inkjet printing method to print PCDA with different pendant site groups (PCDA, 
PCDA-AEE, and PCDA-mBzA). By adding nonionic surfactant Brij78, the polymerized 
PCDA-mBzA shows very good thermal response. Thermal stimulus caused color-change 
reversibility and can respond to electrical stimulus as well 
94
. In addition,  PCDA-mBzA/ 
Brij78 has be reported by U. Zschieschang et al. as a counterfeit-proof ink for banknotes 
95
. 
1.6 Significance and Benefits 
There are many scientific papers reported utilizing Polydiactylene (PDA) as a chromatic 
sensor by fabrication methods such as spin-coating, nano-assembly, and other methods, 
but only a few report sensor fabrication by inkjet printing. Also, only inkjet printing of 
PCDA based suspension has been reported. Ink-jet printing of other PDA monomers has 
not been reported. In addition, synthesizing PDA/ZnO composites by using inkjet printing 
is novel and promising. 
The major benefits of proposed work are as follow: 
 Chromatic sensors, by their very nature of indicating a change in a stimulus (such 
as temperature) through a visible color change, enable quick and visual 
interpretations of the sensor’s state. 
 
 The ability to ink-jet print chromatic sensor interjects a low cost method and 
simplicity of fabrication on multiple and potentially flexible substrates. 
Because PDA can change color in response to thermal, chemical, mechanical 




agent detectors, and/or circuit protection devices. For some specific practical applications 
of a PDA film sensor, it could be inkjet printed onto a decal which could then be attached to 
an ammunition box to indicate the temperature. It is a well-known issue with the storage of 
explosives that the explosives will decompose during storage at elevated temperatures. 
Another simple example is a PDA sensor printed on conventional paper substrate which 





CHAPTER 2  
THERMOCHROMISM IN POLYDIACETYLENE-ZINC OXIDE 
NANOCOMPOSITES 
2.1 Introduction 
Chromatic sensors play an important role in different types of sensing. The main advantage 
of a chromatic sensor is that it provides visual color indication without the need to convert 
to a digital signal 
96
. Polydiacetylenes (PDAs), have been widely studied as a chromatic 
sensor material because they can respond to mechanical, temperature and chemical stimuli 
2-6
. Solid state topotactic photo-polymerization of diacetylene monomers by exposure to 
UV or γ-radiation and subsequent thermochromism in closely packed and uniformly 
ordered thin films of various PDAs are well known 
97
 and have been widely studied for 
temperature-sensing applications. 
PDAs have a one-dimensional conjugated backbone with a strong π to π* 
absorption band in the red spectral region of the optical spectrum which gives rise to an 
intense blue color in the polymer. The blue phase undergoes a heat-induced thermochromic 
transition observed in many PDAs to a red phase. The blue to red chromatic transition is 
either irreversible or reversible under heating and cooling cycles depending on the 
chemical structure and interactions on the side chains of the PDA. In the blue phase, the 
strain induced by hydrogen bonding at the head groups leads to an increase in π- electron 
conjugation length. However, when hydrogen bonding interactions are disrupted by heat, 
the side group strain is released leading to twisting of the π- electron orbitals, decrease of 
π-electron conjugation
98
 and concomitant transition to a red phase. The red phase can 






, (b) Ionic moieties 
100
, and (c) Covalent bond 
54,101
, enhanced hydrogen 
84,102-106
 and multibonding bonding at the head groups 
107-109
 are present in the PDA 
structures. The red phase is irreversible when the head group interactions cannot be 
restored on cooling. These PDAs are therefore either irreversible or reversible sensors.  
PDAs prepared from 10, 12-pentacosadiynoic acid (PCDA) and 
10,12-docosadiynedioic acid (DCDA) have been widely investigated 
110-112
,  but little 
attention has been given to the related but important monomer with a shorter hydrocarbon 
side chain, CH3(CH2)9-C≡C-C≡C-(CH2 )7CH2COOH (10, 12-tricosadiynoic acid, TCDA).  
Previous work performed in this group (Patlolla et al 
113
) on poly-PCDA-metal oxide 
nanocomposites provided a broad understanding of the changes in chromatic properties of 
the nanocomposites relative to those of pure PCDA. Here a more detailed investigation is 
carried out using Raman spectroscopy, DSC and colorimetry using optical densitometry as 
a function of temperature on poly-TCDA and poly-TCDA/ZnO nanocomposites, together 
with an ATR-FTIR study at ambient temperature to extract a molecular level 
understanding of poly-TCDA/ZnO nanocomposite formation.  
2.2 Experimental Section 
2.2.1 Materials 
TCDA was purchased from GFS Chemicals and nanocrystalline ZnO (<100 nm diameter) 
was purchased from Sigma-Aldrich. Analytical grade chloroform was purchased from 




2.2.2 Synthesis of Poly-TCDA-ZnO Nanocomposites 
Poly-TCDA/ZnO suspensions were prepared by suspending different amounts of ZnO (5 
wt%, 10 wt%, 15 wt%) in solution of the TCDA monomer (1 mM ) in chloroform. The 
suspension contained in a beaker was sonicated in a water bath at room temperature for 30 
min and dried at 40 °C with magnetic stirring for 8 hours. The magnetic stirring was 
stopped after the liposome state was achieved. The pure TCDA and TCDA composites 
were polymerized to the blue phase of poly-TCDA and poly-PCDA-ZnO composite by 
irradiating with a 254 nm wavelength UV source. Powders of the blue phase composite 
were obtained by scraping from the beaker and grinding into a fine powder. Red phase 
composite powders and films were similarly produced after heating the blue phase to above 
the thermochromic transition temperature. 
2.2.3 Raman Spectroscopy 
Raman spectra at room temperature were obtained primarily using a Mesophotonics 
Raman spectrometer with 785 nm laser excitation. Temperature-dependent Raman 
measurements were carried out with an EZRaman LE Raman Analyzer system from 
Optronics using 785 nm laser excitation coupled to a Leica optical microscope. The 
spectrometer was calibrated using silicon wafer and diamond powder standards to a 
frequency accuracy of 1 cm
-1
. The variable temperature optical stage used is from Linkam 
Scientific Instruments Ltd. Thick films for the Raman measurements were prepared by 
mixing suspensions of TCDA with certain amount of ZnO, using chloroform as the 
suspension medium. After drying and 254 nm uv-radiation, the polymerized dry powder of 




2.2.4 ATR-FTIR Spectroscopy 
Fourier Transform Infrared (FTIR) was carried out using a Nicolet ThermoElectron FTIR 
560 spectrometer with a MIRacle attenuated total reflectance (ATR) platform assembly 
and a Ge plate.  
2.2.5 Optical Densitometry 
Chromaticity, which is a quantitative measure of the vividness or dullness of a color (or 
how close the color is to either the gray or pure hue) was measured directly on thin film and 
coated samples using an X-Rite 518 optical densitometer as the samples were heated on a 
temperature-controlled hot plate. 
2.2.6 Differential Scanning Calorimetry (DSC)  
A Mettler Toledo DSC instrument (Mettle-Toledo Inc. Columbus, OH, USA) with a FP90 
central processor was used to obtain the DSC data of 10 mg of precursor, polymer and 
composite samples wrapped in a small disk with aluminum foil using 




2.3 Results and Discussion 
Attentuated Total Reflection (ATR)-Fourier Transform Infrared (FTIR) spectroscopy at 
room temperature in both the red and blue phases for pure poly-TCDA and for the blue 
phase in poly-TCDA/ZnO together with Raman spectroscopy as a function of temperature 
for poly-TCDA and poly-TCDA/ZnO provide details about the molecular structural 




formation. The thermal and colorimetric changes as a function of temperature at these 





Figure 2.1 ATR-FTIR spectra at room temperature of: (a) Pure poly-TCDA in the blue and 
red phases; (b) Poly-TCDA and poly-TCDA/ZnO in the blue phase for two concentrations 
of ZnO between 700 and 3300 cm
-1









Figure 2.1 ATR-FTIR spectra at room temperature of: (c) Poly-TCDA and 
poly-TCDA/ZnO in the blue phase for two concentrations of ZnO expanded in the 750 and 
1800 cm
-1
 spectral range, respectively;  Panel (d) shows a computer-generated approximate 







Figure 2.1a shows the ATR-FTIR spectra of poly-TCDA in its blue and red phases, 
and Figures 2.1b and 1c show the spectra of poly-TCDA and poly-TCDA/ZnO in the 700 
to 3500 cm
-1
 and expanded in the 700 to 1900 cm
-1
 regions, respectively. Lines at 2920 and 
2847cm
-1
 are assigned to the asymmetric and symmetric stretching vibrations, 
respectively, of the CH2 groups on the side chains, and those at 1463, 1417 and 1694 cm
-1
 
can be attributed to the CH2 scissoring and hydrogen-bonded carbonyl C=O stretching 
vibrations, respectively. On comparing the FTIR spectra of pure poly-TCDA with that of 
poly-TCDA/ZnO shown in Figures 2.1b and 2.1c, it is observed that a relatively strong new 
line appears at 1540 cm
-1
 in the spectrum of poly-TCDA/ZnO together with a concomitant 
decrease in intensity of the C=O stretching line at 1694 cm
-1
. The 1540 cm
-1
 line can be 
assigned to an asymmetric COO
−
 stretching vibration and its presence in the spectra 
together with a corresponding decrease in the intensity of the C=O line suggests that a 
chelate between neighboring side chain -COOH head groups of poly-TCDA and Zn
2+
 ions 
from ZnO is formed (see computer-generated approximate model in Figure 2.1d). This 
chemical interaction between ZnO and poly-TCDA, dependent on the ionicity of the Zn-O 
bond is likely to cause the high temperature red phase to reverse back to the blue phase on 
cooling 
114















Figure 2.2 785 nm laser-excited Raman spectra of: (a) blue and red phases of poly-TCDA 
at room temperature; (b) blue phase of poly-TCDA and poly-TCDA/ZnO composites with 
three different ZnO concentrations at ambient temperature.  
 
Raman scattering due to the molecular vibrational modes of the conjugated 
polymer backbone are expected to be primarily resonance-enhanced for excitation using 
780 nm laser radiation. From the Raman spectra in Figure 2.2a for pure poly-TCDA, two 
intense lines at 2083 cm
-1
 and 1455 cm
-1




phase, which can be definitively assigned to the C≡C and C=C stretching modes of the 
polymer backbone, respectively. Note that the C=C stretching mode is close in frequency 
to a line at 1463 cm
-1
 assigned to a side chain CH2 deformation mode observed in the 
ATR-FTIR spectra in Figure 2.1. In the red phase the room temperature C≡C and C=C 
stretching vibration frequencies at 2114 cm
-1
 and 1516 cm
-1
, respectively, increase due to 
the irreversible stress on the polymer backbone due to dissociation of the head group 
hydrogen bonds in the red phase. The line intensities in the red phase are lower because of 
decreased resonance interaction with the polymer backbone. This decrease in resonance 
interaction with the polymer backbone in the red phase was not evident in the Raman 
spectrum of the red phase of PCDA
25
 and is likely to be due to the fact that the hydrocarbon 
side chain is longer in PCDA.  The Raman lines at frequencies below that of the C=C 
stretching mode can be assigned to Raman-active deformation and C-C stretching motions 
of the conjugated polymer backbone mixed with hydrocarbon chain deformation modes. 
The triplet of lines around 1250 cm
-1
 and the line at 690 cm
-1
 in the blue phase are relatively 
intense as a result of resonance enhancement due to mixing of the backbone C-C stretching 
and deformation modes.  
Figure 2.2b shows the Raman spectrum of pure poly-TCDA in the blue phase 
compared with the blue phase spectra of poly-TCDA/ZnO composites.  From Figure 2.2b, 
it is evident that a very weak line at 2257 cm
-1
 in the C≡C stretching mode region of 
poly-TCDA increases in intensity in the composite. By contrast, a relatively weak line in 
the C=C region at 1516 cm
-1
 in the blue phase due to a red phase impurity disappears on 
composite formation. The line at 2257 cm
-1
 can be assigned to a diyne defect formed on the 
backbone due to the chemical interaction between TCDA and ZnO 
114




intensity of this line appears to saturate at low ZnO concentration and does not increase 
with increasing ZnO. Another interesting feature in Figure 2.2b which is consistent with 
the chemical interaction of poly-TCDA with ZnO is that the line at 690 cm
-1
 and the triplet 
of lines at 1250 cm
-1
 assigned above to largely polymer backbone modes, show substantial 
increase in intensity in the composite phase.    
Raman spectra under heating and cooling cycles in the 25 °C to 150 °C temperature 
range for poly-TCDA and poly-TCDA/ZnO at different ZnO concentrations are shown in 
Figures 2.3-2.5. The Raman data were taken in steps of 10°C from 30 °C to 150 °C and also 
recorded in 10 °C steps during the cool down to room temperature. Figure 2.3 displays the 
Raman spectra of poly-TCDA with increasing temperature to 150 °C followed by cooling 
from 140 °C to 30 °C. From the heat-up spectra in Figure 2.3a, it is can be observed that the 
backbone stretching and deformation lines in the blue phase decrease in intensity with 
increasing temperature as the sample goes to the red phase consistent with the fact that 
resonance-enhancement is weaker in the red phase as discussed above. The weak line at 
1516 cm
-1
 assigned to a red phase impurity in the blue phase grows in intensity and 
becomes the predominant C=C backbone stretching mode in the red phase. From Figure 
2.3b it is evident that the spectrum remains essentially unchanged on cooling consistent 













Figure 2.3 785 nm laser excited Raman spectra of pure poly-TCDA as a function of:  
(a) Increasing temperature, and (b) Decreasing temperature.  
The heating and cooling Raman spectra of poly-TCDA/ZnO with the ZnO content 
at 5 wt% are shown in Figure 2.4. By contrast with the variable temperature spectra for 
pure poly-TCDA, in Figure 2.4a, a broad scattering band centered near 690 cm
-1
 appears 
reproducibly in the spectra with increasing intensity as the temperature approaches and 
goes above the ca. 120 °C melting transition of the ZnO composites observed in the DSC 




below the melting transition temperature and increases in intensity above 120 °C. It can be 
tentatively assigned to light scattering from an amorphous network of the the 
poly-TCDA/ZnO complex. The scattering is not seen at higher ZnO concentrations as 
discussed below and it is also not observed in poly-PCDA/ZnO
113
 at all concentrations of 
ZnO probably because the diffusional motions of the longer hydrocarbon side chain in 
poly-PCDA compared with poly-TCDA prevents the formation of the amorphous network. 
The intensity from the amorphous network shows a small decrease on cooling through the 
melting temperature down to room temperature in Figure 2.4b.  Moreover, the features of 
the spectra in Figure 2.4b show that the red phase of the composite with 5% by weight of 





















Figure 2.4 785 nm laser excited Raman spectra of poly-TCDA/ZnO (5 wt%) as a function 
of:  (a) Increasing temperature, and (b) Decreasing temperature.  
Figure 2.5 shows the heating and cooling Raman spectra of poly-TCDA/ZnO (15 
wt%). Similar heating and cooling Raman spectra (not shown here) were observed for 
poly-TCDA/ZnO (10 wt%). Broad scattering due to amorphous poly-TCDA/ZnO at these 
higher ZnO concentrations are not observed (Figures 2.5a and 2.5b). Also, the red phase 




of the C≡C and C=C backbone stretching vibrations of pure poly-TCDA, poly-TCDA with 
5wt%, 10 wt% and15 wt % of ZnO below 100 nm in size as a function of heating and 
cooling cycles are plotted as a function of temperature in Figure 2.6. Note that the 
frequency upshift in the red phase decreases with increasing ZnO content suggesting that 
the stress on the polymer backbone is lowered due to chelation of ZnO with the head group 
of poly-TCDA to make the chromatic transition reversible. The plots in Figure 2.6 of the 
Raman-active C≡C and C=C backbone stretching frequencies as a function of temperature 
cycling indicate increases in frequencies at the chromatic blue to red transition at 70 °C on 
heating for pure poly-TCDA and near 120 °C for the poly-TCDA/ZnO composites. For 
poly-TCDA/ZnO (5 wt%), the slight upshift of frequency of  the C=C and C≡C modes at 
70°C could be due to non-chelated TCDA monomer. The frequency upshift at 130 °C in 



















Figure 2.5 785 nm laser excited Raman spectra of poly-TCDA/ZnO (15 wt%) as a 






Figure 2.6 Temperature dependence on heating and cooling of the polymer backbone C≡C 
and C=C stretching mode frequencies of poly-TCDA and poly-TCDA/ZnO composites 
with different ZnO contents.  
 
Differential scanning calorimetry (DSC) measurements provide further 
understanding of the nature of TCDA/ poly-TCDA/ZnO interactions.  DSC data were 
obtained for pure TCDA monomer, poly-TCDA, and poly-TCDA/ZnO, at heating and 
cooling rates of 10 °C min
-1
 between 25 °C and 300 °C. The heating scan for pure TCDA in 
Figure 2.7a shows an endothermic peak at 61 °C due to melting. On cooling (scan not 
shown here) down-shifted exothermic crystallization peaks at 59 °C due to hysteresis are 
observed. The heating scan for poly-TCDA in Figure 2.7b shows an endothermic peak at 
61 °C due to melting of the unpolymerized monomer. A broad endotherm with a shoulder 




not shown), polymer crystallization is indicated by broad exothermic features at 159 °C 
and 194 °C which are upshifted due to hysteresis relative to the corresponding endothermic 
melting peaks. Crystallization of unpolymerized monomer is not observed during the 
cooling cycle probably due to loss of the monomer by sublimation during thermal cycling. 
The heating scans for TCDA-ZnO nanocomposites in Figure 2.7d show endotherm around 
57 °C due to unpolymerized monomer and a new endothermic feature at around 137 °C due 
to melting of the monomer modified by chelate formation with ZnO discussed above, 
which coincides that fact that no endothermic feature of ZnO (Figure 2.7c) is observed in 
the DCS data of composites. It is also seen from Figure 2.7d that with the increase of ZnO 
content, the endotherm due to TCDA becomes weaker and the peak shifts to higher 
temperature indicating that the chelate between ZnO and head group –COOH becomes 
stronger because more chelate formation can occur with increasing ZnO content. This is 
consistent with the FTIR, Raman and DSC data discussed above suggesting an interaction 
of ZnO particles with the head group of the polymer side-chain to form a chelate which can 






. In pure poly-TCDA, heating causes an 
irreversible stress on the polymer backbone due to the dissociation of hydrogen bonds 
between the side chain head groups to form the red phase. In the presence of ZnO, chelate 





Figure 2.7 Heating DSC scans for: (a) TCDA monomer; (b) poly-TCDA; (c) ZnO 
nanopowder (<100 nm); (d) TCDA monomer/ZnO nanocomposites of three different 
compositions. The slightly broadened transition in (b) is due to unpolymerized monomer. 
 
Chroma describes the vividness or dullness of a color, in other words, how close the 
color is to either gray or the pure hue (Figure 2.8a). The changes in chromaticity for 
different samples shown in Figure 2.8b as a function of temperature further verified the 
interaction between poly-TCDA and ZnO with increase of ZnO content from 5 wt% to 15 
wt%. The rapid increase followed by a drop of the chromaticity of poly-TCDA is caused by 
the chromatic transition near 70 °C. 5 wt% ZnO increases the chromatic transition to  
120 °C consistent with the Raman data. The poly-TCDA/ZnO composites with 10 wt% and 
15 wt% have almost the same correlation of chromaticity and temperature which indicates 
that there is a critical ZnO content to form the chelate between TCDA and ZnO. Figures 




cycles from 25 °C to 80 °C and from 25 °C to 150 °C indicating that the nanocomposite can 







Figure 2.8 (a) Schematic showing chromaticity (chroma) distribution from gray (dull) 
color at the center to saturated (vivid) color at the perimeter (arrows indicate chromatic 
transition temperatures discussed in the text); (b) Chromaticity versus temperature plots for 









Figure 2.8 (c) Chromaticity of poly-TCDA/ZnO (5wt%) as a function of thermal cycle;  








Raman, FTIR, DSC and colorimetric measurements have been used to understand the 
thermochromic reversibility introduced by composite formation of poly-TCDA with ZnO 
in the particle size range below 100 nm. Raman frequency upshifts occur at 70 °C and  
120 °C in pure poly-TCDA and poly-TCDA/ZnO composites, respectively, corresponding 
to chromatic transitions.  The peak shifts of the Raman-active υ(C≡C) and υ(C=C) 
vibration peaks increase with increase of ZnO content.  Poly-TCDA/5 wt% ZnO shows 
only partially reversible color change, whereas poly-TCDA/10 wt% ZnO and 
poly-TCDA/15 wt% ZnO change color reversibly and have similar thermochromic 
responses. The Raman data indicate the irreversible formation of an amorphous 
poly-TCDA phase in poly-TCDA/5 wt% ZnO but not in poly-TCDA composites with 10 
wt% and 15 wt% ZnO. Chelate formation between ZnO and neigboring side chain -COOH 
head groups is proposed which leads to reversibility of the chromatic transition and 
increase of the chromatic transition temperature. Compared with the results of previous 
study on PCDA, the amorphous feature can be found in poly-TCDA with low 
concentration of ZnO exclusively, which probably results from the fact that the carbon 
chain in TCDA is shorter than that in PCDA. Excellent reversibility in chromaticity as a 
function of number of cycles from 25 °C to 80 °C and from 25 °C to 150 °C is observed 





CHAPTER 3  
REVERSIBLE CHROMATIC SENSOR FABRICATED BY INKJET PRINTING 
TCDA-ZINC OXIDE ON A PAPER SUBSTRATE 
3.1 Introduction 
Recently, great attention has been drawn to printing and deposition of functional materials 
on paper substrates because the features of paper substrates could enable their use in 
flexible, light-weight and disposable devices
115,116
. Various organic and inorganic 
conducting, semiconducting, and dielectric materials for applications in displays, sensors, 
energy storage materials, and memory devices on paper substrates have been successfully 
prepared and widely reported
95,117-121
. Among the patterning methods employed for 
deposition of functional materials on paper substrates, the inkjet printing method
122 
is of 
great interest due to the method’s well-known attributes
91-93
 which are mentioned before. 
As far as sensing materials are concerned, polydiacetylenes (PDAs) have been 
widely studied as a chromatic sensor material because they can respond to a variety of 
signals, such as mechanical, temperature and chemical stimuli
2-6
. Solid state topotactic 
photo-polymerization of diacetylene monomers by exposure to UV- or γ-radiation and 
subsequent thermochromism in closely packed and uniformly ordered thin films of various 
PDAs are well known
123
 and have been widely studied for temperature-sensing 
applications. 
PDAs have a one-dimensional conjugated backbone with a strong π to π* 
absorption band in the red spectral region of the optical spectrum which gives rise to an 
intense blue color in the polymer. The blue phase undergoes a temperature-induced or 




red chromatic transition is either irreversible or reversible under heating and cooling cycles 
depending on the chemical structure and interactions on the side chains of the PDA.  
PDAs prepared from 10, 12-pentacosadiynoic acid (PCDA) and 10, 
12-docosadiynedioic acid (DCDA) have been widely investigated
110,124,125
, and a 
PCDA-based ink has been inkjet printed by Bora Yoon et al
94
. Yoon’s aqueous PCDA 
requires a surfactant to maintain an acceptable concentration for inkjet printing without 
aggregation. Belonging to the same group of PDA monomers and sharing a similar 
molecular structure but smaller molecular weight as PCDA, TCDA has not been given as 
much attention for chromatic sensor or for inkjet printing applications. Also, according to 
the work done by Patlolla et al
113
, PCDA-metal oxide nanocomposites
 
has shown the effect 
of nanoscale metal oxides on changing the chromatic properties of poly-PCDA. Inkjet 
printing would provide another fast method in ionic bond strengthened PDA thin film 
fabrication. In this paper attention is given to: (a) Inkjet printing of relatively high 
concentration TCDA-ZnO suspension without using surfactant on a paper substrate, and 
(b) The thermochromic properties of materials fabricated by inkjet printing. 
3.2 Experimental Section 
3.2.1 Materials 
TCDA was purchased from GFS Chemicals and nanocrystalline ZnO (<100 nm diameter) 
was purchased from Sigma-Aldrich. Analytical grade chloroform (>99%) was purchased 




3.2.2 Preparation of TCDA and TCDA-ZnO Composites Ink  
TCDA was purified by dissolving and removing the polymerized solid. TCDA composite 
inks were prepared by suspending a nominal amount of 5wt% ZnO in TCDA/chloroform 
solution with the ratio of TCDA/chloroform equal to 0.1mol/50ml. The suspension was 
sonicated in a water bath at room temperature for 15 min and then allowed to stand for 1 
hour to enable removal of unsuspended ZnO. It was estimated that the final suspension 
contained approximately 2.5 wt% ZnO in TCDA.    
3.2.3 Design and Fabrication of Poly-TCDA Based Chromatic Sensor 
The design and fabrication the poly-TCDA based sensor is conducted using a Fujifilm 
Dimatix printer model DMP-2800, which is based on piezoelectric inkjet technology. The 
cartridge with a nozzle pore size of ca. 20 μm in diameter was filled with a 
TCDA/chloroform solution or suspension of the TCDA/ZnO in chloroform and the ink 
was printed on unmodified A4-sized paper. Both TCDA and TCDA/ZnO were inkjet 
printed with 20 volts applied on nozzle pores, the nozzle cleaning was carried after every 5 
bands of printing. After inkjet printing either TCDA or TCDA/ZnO composite suspensions 
on flexible substrates, the printed images were formed following solvent evaporation at 40 
°C. The patterns for Raman and optical densitometry measurements were in 5mm × 5 mm 
square shapes. 
3.2.4 Synthesis of Poly-TCDA-ZnO Nanocomposites 
The TCDA and TCDA/ZnO composites inkjet printed on substrates were polymerized to 
the blue phase of poly-PCDA composites by irradiating with a 254 nm wavelength UV 




under UV exposure. Red phase poly-TCDA was prepared by heating up the inkjet printed 
pattern to the chromatic transition temperature.  
 
Figure 3.1 Structure of TCDA (left) and poly-TCDA after UV-irradiation  (right). 
 
 
3.2.5 Material Characterization Techniques 
Room temperature Raman spectra of thin films fabricated by inkjet printing were obtained 
primarily by using a Mesophotonics Raman spectrometer with 785 nm laser excitation. 
Temperature-dependent Raman measurements for the inkjet printed patterns were carried 
out with an EZ Raman-L system (LE-178155, Enwave Optronics, Inc) coupled to a Leica 
optical microscope. The spectrometer was calibrated using silicon wafer and diamond 
powder standards to a frequency accuracy of 1 cm
-1
. The variable temperature optical stage 
used is from Linkam Scientific Instruments Ltd. Thin films for the Raman measurements 
were prepared by 5-layer inkjet printing the suspensions of TCDA/ZnO in chloroform on a 
silicon wafer. After 254 nm uv-radiation, the polymerized TCDA and poly-TCDA-ZnO 
were measured directly. 
Fourier Transform Infrared (FTIR) was carried out using a Nicolet ThermoElectron 




assembly and a Ge plate. Poly-TCDA powder was obtained by scratching off the inkjet 
printed poly-TCDA/composites on a Kapton film. The inkjet printing parameters on 
Kapton were the same as that for inkjet printing on paper substrates. 
Chromaticity, which is a quantitative measure of the vividness or dullness of a 
color (or how close the color is to either the gray or pure hue) was measured directly on 
printed films using an X-Rite 518 optical densitometer as the film was heated on a 
temperature-controlled hot plate. 
A Mettler Toledo DSC instrument with a FP90 central processor was used to obtain 
the DSC data of inkjet printed precursor, polymer and composites. Measurements were 
made on 10 mg powder wrapped in a small disk with aluminum foil under 




3.3 Results and Discussion 
In our previous work
126
, we studied the poly-TCDA and poly-TCDA/ZnO powders by 
using Raman, ATR-FTIR, DSC methods. The main conclusion from that work was that 
ZnO can form a chelate with neighboring side chain -COOH head groups of poly-TCDA, 
which resulted in reversible chromatic transition and increase of the chromatic transition 
temperature
126
. In this work, we characterize the solid phase of inkjet printed films. The 
major goal of the characterization of inkjet printed films is to confirm that the printing 





3.3.1 Feasibility of Inkjet Printing TCDA and TCDA-ZnO Composites 
Figure 3.2 demonstrates that, in actuality, the ink is not visible when it is in the monomer 
state because TCDA does not absorb visible light (Figure 3.2a). However, the 
polymerization of TCDA initiated by UV-irradiation (254 nm, 1 mW/cm 2, 30 s) results in 
the formation of blue image patterns (Figure 3.2b). This observation supports the proposal 
that PDA monomers are well-aligned and closely packed following printing and that PDAs 
are indeed generated on the paper substrate. This is an important result because if the 
closely packed alignment of the PDA monomers were disrupted during the printing and 






















Figure 3.2 Digital photographs of inkjet printed TCDA: (a) TCDA monomer before UV 
radiation; (b) TCDA after UV radiation. 
 
3.3.2 Raman and ATR-FTIR Spectroscopy of Poly-TCDA and Poly-TCDA-ZnO 
Composites  
The molecular structural changes of the chromatic transition and molecular interactions on 
nanocomposite formation were studied by ATR-FTIR and Raman spectroscopy at room 










Figure 3.3 ATR-FTIR spectra at room temperature of: (a) Pure poly-TCDA in the blue and 
red phases; (b) Poly-TCDA and poly-TCDA-ZnO in the blue phase between 700 and 3300 
cm
-1













Figure 3.3 ATR-FTIR spectra of: (c) Poly-TCDA and poly-TCDA-ZnO in the blue phase 
expanded in the 750 and 1900 cm
-1
 spectral range.  (Continued) 
 
Figure 3.3a shows the ATR-FTIR spectra of poly-TCDA in its blue and red phases, 
and Figure 3.3b and 3c show the spectra of poly-TCDA and poly-TCDA-ZnO in the 
frequency region from 700 to 3300 cm
-1
, and in the expanded range from 750 to 1900 cm
-1
, 
respectively. As in our previous work 
126
, lines at 2920 and 2847cm
-1
 are assigned to the 
asymmetric and symmetric stretching vibrations, respectively, of the CH2 groups of the 
hydrocarbon side chains on poly-TCDA, and those at 1463, 1417 and 1694 cm
-1
 can be 
attributed to the CH2 scissoring and hydrogen-bonded carbonyl C=O stretching vibrations, 
respectively. On comparing the FTIR spectra of pure poly-TCDA with that of 
poly-TCDA-ZnO shown in Figure 3.3b and 3.3c, it is observed that a relatively strong line 
appears at 1540 cm
-1
 in the spectrum of poly-TCDA-ZnO together with a decrease in 
intensity of the C=O stretching line at 1694 cm
-1
. The 1540 cm
-1
 line (indicated by an arrow 
in Figure 3.3c) can be assigned to an asymmetric COO
-




spectra indicates the formation of a chelate between the side chain -COOH head groups of 
poly-TCDA and Zn
2+
 from ZnO, which is similar to the result reported by  Patlolla et al
113
.  
785nm laser excited Raman spectra are obtained to probe the resonance-enhanced 
molecular vibrational modes of the conjugated polymer backbone. From the Raman 





 are observed at room temperature in the blue phase, which can be clearly 
assigned to the C≡C and C=C stretching modes of the polymer backbone, respectively. In 
the red phase at 25 °C, the C≡C and C=C stretching vibration frequencies occur at 2118 
cm
-1
 and 1516 cm
-1
, respectively. Compared with those in blue phase, the upshift in 
frequency is due to the irreversible stress on the polymer backbone caused by the breakup 
of the head group hydrogen bonds in the red phase.  
 
Figure 3.4 785 nm laser-excited Raman spectra of the inkjet printed blue (bottom) and red 
(top) phases of poly-TCDA at room temperature.    
 
Figure 3.5 shows the Raman spectrum of pure poly-TCDA in the blue phase 
compared with the blue phase spectra of poly-TCDA-ZnO composites prepared by the 






the C≡C stretching mode region of poly-TCDA shows up in the Raman spectra of  
poly-TCDA-ZnO, which can be assigned to a diyne formed as a defect on the backbone 
due to the interaction between TCDA and ZnO 
114
. Similar to the poly-TCDA prepared by 
the conventional method in previous work, the line at 1516 cm
-1
 shows up in pure 
poly-TCDA fabricated by inkjet printing, which can be attributed to the presence of a red 
phase impurity in the majority blue phase. Another feature which is similar to the previous 
work 
126
 in Figure 3.5 is that the line at 690 cm
-1
 and the triplet of lines at 1250 cm
-1
 
assigned above to polymer backbone modes, show substantial decrease in intensity with 
composite formation; meanwhile a broad diffuse scattering appears around the line at 690 
cm
-1
. These spectral effects above could be due to the increase of the degree of long-range 
disorder caused by the formation of a chelate between ZnO and C=O groups, and the 
disordered molecular arrangement reduces resonance interaction with the polymer 
backbone. By comparison with poly-TCDA (see Table 3.1), the Raman frequency upshift 
of the C≡C and C=C backbone stretching vibrations in red phase decreases in the presence 
of ZnO, which suggests that the backbone stress is lowered due to the interaction of ZnO 
with poly-TCDA.  
Table 3.1 C≡C and C=C Raman Peak Frequencies in Pure Poly-TCDA and in 
Poly-TCDA-ZnO Nanocomposites in the Blue and Red Phases 
Phase Poly-TCDA, 25°C  Poly-TCDA/ZnO (2.5 wt%) [Blue,25°C; Red, 150°C]  
υ(C≡C) cm-1 υ(C=C) cm-1  υ(C≡C) cm-1 υ(C=C) cm-1  
Blue 2083 1455  2081 1453  






Figure 3.5 Raman spectra of pure poly-TCDA and poly-TCDA-ZnO thin film fabricated 
by inkjet printing. 
 
The analysis of ATR-FTIR and Raman spectra further proves that inkjet printing 
does not affect the close packing alignment of the TCDA molecule and demonstrates the 
feasibility of polymerization after TCDA was inkjet printed on a paper substrate. Besides, 
ATR-FTIR and Raman spectra indicate the interaction between TCDA and ZnO. 
Compared with poly-TCDA and poly-TCDA-5 wt%ZnO powders prepared by the 
conventional method, no obvious spectral differences are observed. 
3.3.3 Temperature-Dependent Raman Spectroscopy of Poly-TCDA and 
Poly-TCDA-ZnO Composites 
Temperature-dependent Raman spectroscopy is used to further investigate the 
thermochromism of poly-TCDA or poly-TCDA-ZnO composites. Raman spectra under 
heating and cooling cycles in the 25 °C to 150 °C temperature range for poly-TCDA and 
poly-TCDA-ZnO are shown in Figures 3.6 and 3.7, respectively.  The Raman data were 
taken in steps of 10 °C from 30 °C to 150 °C and also recorded in 10 °C steps during the 










Figure 3.6 785 nm laser excited Raman spectra of pure poly-TCDA as a function of:  















Figure 3.7 785 nm laser excited Raman spectra of poly-TCDA-ZnO (2.5 wt%) as a 
function of:  (a) Increasing temperature, and (b) Decreasing temperature.  
 
Figure 3.7 shows the variable temperature Raman spectra of poly-TCDA-ZnO (2.5 
wt%). In contrast to the variable temperature spectra for pure poly-TCDA (Figure 3.6), a 
broad scattering band at 690 cm
-1
 appears in the spectra with increasing intensity as the 
temperature is raised to form the red phase. Together with the ATR-FTIR results, it could 
be due to the the C=O group of TCDA forming a COO
-
 ion with ZnO. The ionic bonding 




under thermal stress conditions. The irreversible property caused by lack of strong enough 
ionic bonding is supported by the fact that the variable temperature Raman spectra show 
the same intensity and no obvious wavenumber shifts for the C≡C and C=C modes on 
cooling, which is in agreement with the data for poly-TCDA-ZnO (5 wt%) reported 
previously
126
. The wavenumber changes for the C≡C and C=C modes as a function of 
temperature is shown in Figure 3.8. 
 
Figure 3.8 C≡C and C=C stretching mode frequencies versus temperature for inkjet 
printed poly-TCDA and poly-TCDA-ZnO as a function of temperature. 
 
3.3.4 Differential Scanning Calorimetry (DSC) Measurements 
DSC measurements were performed to provide further understanding of the nature of the 
interaction between TCDA/poly-TCDA and ZnO. DSC data were obtained for pure TCDA 
monomer, poly-TCDA, and poly-TCDA-ZnO, at heating and cooling rates of 10 °C min
-1
 
between 25 °C and 300 °C. The heating scan for pure TCDA in Figure 3.9a shows an 
endothermic peak at 61 °C due to melting. On cooling scan, a down-shifted exothermic 
crystallization peaks at 59 °C due to hysteresis is observed. The heating scan for 




unpolymerized monomer. A broad endotherm with a shoulder at 154 °C and a peak 190 °C 
are assigned to the melting of poly-TCDA. On cooling, polymer crystallization is indicated 
by broad exothermic features at 159 °C and 194 °C which are upshifted due to hysteresis 
relative to the corresponding endothermic melting peaks. Crystallization of unpolymerized 
monomer is not observed during the cooling cycle probably due to loss of the monomer by 
sublimation during thermal cycling. The heating scan for poly-TCDA-ZnO in Figure 3.9 
shows an endotherm at around 57 °C due to unpolymerized monomer and a new 
endothermic feature at 132 °C due to melting of the monomer modified by the chelate 
formation discussed above, the broad exothermic features between 159 °C and 209 °C 
which could refer to that of poly-TCDA are assigned to the melting of poly-TCDA. The 
new endothermic peak in poly-TCDA-ZnO is consistent with the FTIR and 
temperature-dependent Raman spectra discussed above suggesting an interaction of ZnO 
particles with the head group of the polymer side-chain to form a chelate which can be 




)2. The temperature dependent Raman and DSC 
results also suggest the inkjet printing does not affect the interaction between TCDA and 
ZnO. It was also observed that the ZnO particles are uniformly distributed after deposition 





Figure 3.9 DSC heating scans for: a) TCDA, b) poly-TCDA, c) ZnO (<100nm) powder 
and d) poly-TCDA-ZnO. 
 
3.3.5 Optical Densitometry   
The changes in chromaticity as a function of temperature for inkjet printed poly-TCDA and 
poly-TCDA-ZnO (2.5 wt%) samples are shown in Figure 3.10. The rapid increase 
followed by a drop of the chromaticity of poly-TCDA is caused by the chromatic transition 
near 70 °C.  For poly-TCDA with 2.5 wt% ZnO, the chromatic transition temperature 
increases to 110 °C compared with the results of our previous work on conventionally 
prepared films 
126
 where poly-TCDA-ZnO (5 wt%) was used and the transition occurred at 
120 °C. It was also found that the chromatic behavior of the poly-TCDA film fabricated by 
inkjet printing is very similar to that of poly-TCDA prepared by the conventional method. 
The difference in transition temperature is probably caused by the smaller concentration of 






 and the head group of TCDA to assist in the thermal-stress release, reversible 
color change of poly-TCDA-ZnO could be limited at a particular temperature. According 
to the temperature-dependent Raman spectra and temperature-dependent chromaticity 
plots, 80 °C could be the suitable temperature for reversibility of the chromatic transition.  
 
 
Figure 3.10 Chromaticity versus temperature plots for poly-TCDA and poly-TCDA-ZnO 
(2.5 wt%) composite inkjet printed films. 
 
Differences of chromaticity of poly-TCDA in the blue phase and red phase after 
every 5 heating-cooling cycles are shown in Figure 3.11. It can be seen from the Figure 
3.11 that poly-TCDA barely shows chromatic reversibility after the first five cycles by the 
naked eye, and after 20 cycles the difference of chromaticity at 80 °C and 25 °C cannot be 
differentiated by the optical densitometer. By contrast, poly-TCDA-ZnO demonstrates 





Figure 3.11 Differences in chromaticity for poly-TCDA and poly-TCDA-ZnO after every 
5 heating-cooling cycles. 
 
Figure 3.12 shows photographs of poly-TCDA/poly-TCDA-ZnO samples 
fabricated by inkjet printing on paper substrates which are used for the chromaticity 
measurement discussed above. Figures 3.12a and 3.12b, respectively illustrate the color of 
poly-TCDA-ZnO at room temperature and 80 °C (poly-TCDA is not shown). For 
poly-TCDA-ZnO (Figure 3.12c) at 25 °C, after 40 cycles, a partial region in the printed 
sample is red (by the naked eye), which could be caused by the lack of ZnO to strengthen 
the poly-TCDA backbone. The red region could be responsible for the increase of 
chromaticity of poly-TCDA-ZnO at room temperature after a certain number of thermal 
cycles. Figure 3.12d shows inkjet printed poly-TCDA after five thermal cycles, where the 
small blue region could explain the chromaticity difference after five heating-cooling 













Figure 3.12 Photographs of 5mm×5mm square patterned poly-TCDA and 
poly-TCDA-ZnO fabricated by 5-layers inkjet printing: (a) poly-TCDA-ZnO at room 


















Figure 3.12 Photographs of 5mm×5mm square patterned poly-TCDA and 
poly-TCDA-ZnO fabricated by 5-layer inkjet printing: (c) poly-TCDA-ZnO at 25°C after 
40 cycles; (d) poly-TCDA at 25 °C after 5 cycles. (Continued) 
 
 
The QR code is a type of matrix symbol, which was developed by the Japanese 
company Denson-Wave in 1994. Compared with a conventional bar code, a QR code has 






 Huge data capacity: QR code can store 7,089 numeric characters and 4,296 
alphanumeric characters, and 1,817 kanji characters.  
 
 Fast speed scanning: A mobile phone with camera function can get the content 
from a barcode quickly and easily.  
 Small printout size: QR Codes carry data both horizontally and vertically, thus QR 
codes are better than 1D barcodes in data capacity.  
 
 Advance error correcting: Even if 50% of the areas of a barcode are damaged, QR 
codes can still be recognized correctly.  
 
 Freedom from directional scanning: The scanning direction of QR code is 
therefore arbitrary.  
While QR codes have become a standard for tracking, sorting and cataloging 
inventory, the functionality and utility could be increased by incorporating a sensory 
capability within the QR code. In principle, one can print various sections of the QR code 
with chromatic inks to sense various stimuli, such as temperature, stress and presence of a 
chemical. As a simple demonstration, we fabricated a “Smart” QR code, for which a color 
sensitive QR code reader could not only recognize an information storage pattern but also 
some specific temperature. In this example, only a portion of the designed pattern would be 
printed out by poly-TCDA-ZnO composites or poly-TCDA as a thermal sensor. The rest of 
the pattern is printed out by black ink. 
Figure 3.13 shows photographs of a thermal sensor type QR code, which is 1” × 1” 
on conventional printing paper. The QR code is capable of temperature sensing (from 25 
°C to 80 °C) and the chromatic transition is reversible (for poly-TCDA-ZnO composites). 
The irreversible color change type poly-TCDA QR code has also been successfully inkjet 





   
Figure 3.13 QR code with partial area of poly-TCDA/ZnO fabricated by inkjet printing 
methods. 
3.4 Conclusions 
Raman, FTIR and DSC measurements have been used to understand the thermochromic 
reversibility introduced by composite formation of poly-TCDA with ZnO in the size range 
below 100 nm. The results indicate that PDA monomers are well-aligned and closely 
packed following printing. For a TCDA/ZnO suspension, inkjet printing would not affect 
the interaction between ZnO and TCDA and the distribution of ZnO after the material is 
deposited on the substrate. The υ(C≡C) and υ(C=C) vibration peaks’ shifting temperature 
increases with the addition of ZnO. From temperature-dependent Raman spectra, 
poly-TCDA-ZnO (2.5 wt%) does not show complete chromatic reversibility from 25 °C to 
150 °C; however, the chelate formed between ZnO and TCDA enables poly-TCDA-ZnO 
(2.5 wt%) to show a reversible chromatic transition from 25 °C to 80 °C, which is not 
found in pure poly-TCDA. The poly-TCDA/poly-TCDA-ZnO (2.5 wt%) thin film has also 
been successfully fabricated by inkjet printing on conventional paper for use in a QR code 





CHAPTER 4  
INKJET PRINTING COLORIMETRIC CONTROLLABLE AND REVERSIBLE 
POLY-PCDA/ZINC OXIDE 
4.1 Introduction 
Polydiacetylenes (PDAs) have been widely studied as chromatic sensing materials due to 
their unique chromism property
128
. The dramatic blue to red color change is exhibited 
when PDAs are exposed to various stimuli such as temperature, chemical and mechanical 
stimuli, which broadens the application of PDAs as thermal sensors, chemosensors, 
biosensors and stress sensors
2-6
. Solid state topotactic photo-polymerization of diacetylene 
monomers by exposure to UV or γ-radiation and subsequent thermochromism in closely 
packed and uniformly ordered thin films of various PDAs are well known
97
. Previous study 
in this group by Patlolla et al. demonstrated the interaction between PCDA and ZnO 




 Also, the application of chromatic sensor material has been limited by the material 
deposition technology of thin film fabrication. Among various economic material 
deposition methods such as spin coating, spray, stencil and screen printing, inkjet printing 
method
122
 is of great interest, mainly due to: (a) ability to deposit precise amount of 
materials in a rapid way, (b) low temperature processing with no need for a vacuum, and 
(c) Compatibility with various substrates
91-93
. Various organic and inorganic conducting, 
semiconducting, and dielectric materials for applications in displays, sensors, energy 







In this chapter, as a continuing study of previous research
113
, a more  detailed 
investigation on inkjet printing 10, 12-pentacosadiynoic acid (PCDA) and PCDA/ZnO 
composites was carried out using ATR-FTIR, temperature-dependent Raman 
spectroscopy, and colorimetry as a function of temperature on poly-PCDA and 
poly-PCDA/ZnO nanocomposites. By analyzing these results, we propose a new fast and 
convenient approach of deposition reversible PDA, of which chromatic transition 
properties could be varied by adjusting ZnO nano particle concentration. 
4.2 Experimental Section 
4.2.1 Materials 
PCDA was purchased from GFS Chemicals and nanocrystalline ZnO (<100 nm diameter) 
was purchased from Sigma-Aldrich. Analytical grade chloroform was purchased from 
Sigma-Aldrich and used without further purification.  
4.2.2 Preparation of PCDA and PCDA/ZnO Composites Ink 
Different amounts of ZnO (5 wt%, 10 wt%, 15 wt%) are suspended in the solution of the 
PCDA monomer (4 mM ) in chloroform. The suspension was sonicated in a water bath at 
25 °C for 30 min and dried at 40 °C with magnetic stirring for 8 hours. The magnetic 
stirring was stopped after the chloroform evaporated. PCDA or PCDA/ZnO 
nanocomposites ink was prepared by probe sonicating 1mMol PCDA or PCDA/ZnO in 
40ml deionized water (DI water) with certain amount (1.5 wt%) Sodium Dodecyl Sulfate 
(SDS) for 30 min. Constant temperature bath (25 °C) was utilized to prevent the heat effect 




4.2.3 Fabrication of Poly-PCDA and Poly-PCDA/ZnO Composites by Inkjet Printing 
The design and fabrication the poly-PCDA based sensor was conducted using a Fujifilm 
Dimatix printer (Model DMP-2800), which is based on piezoelectric inkjet technology. 
The cartridge with a nozzle pore size of ca. 20 μm in diameter was filled with water-based 
PCDA or PCDA/ZnO suspension, which was printed on unmodified A4-sized paper. Both 
PCDA and PCDA/ZnO were inkjet printed with 25 volts applied on nozzle pores, the 
nozzle cleaning was carried after every 5 bands of printing and the platen temperature was 
40 °C to evaporate the water. After inkjet printing either PCDA or PCDA/ZnO composites 
suspensions on flexible substrates, the printed images were formed by irradiating with a 
254 nm wavelength UV source following solvent evaporation at 40 °C. The patterns for 
Raman and optical densitometry measurements were in 5mm × 5 mm square shape. 
4.2.4 Material Characterizations 
A Mesophotonics Raman spectrometer with 785 nm laser excitation was used to collect the 
Raman spectra at room temperature. Temperature-dependent Raman measurements were 
carried out with an EZRaman LE Raman Analyzer system from Optronics using 785 nm 
laser excitation coupled to a Leica optical microscope. The spectrometer was calibrated 
using silicon wafer and diamond powder standards to a frequency accuracy of 1 cm
-1
. The 
variable temperature optical stage used is from Linkam Scientific Instruments Ltd. Thin 
films for the Raman measurements were prepared by 5-layer inkjet printing the 
water-based PCDA or PCDA/ZnO suspension on a silicon wafer. After 254 nm 
uv-radiation, the polymerized PCDA and poly-PCDA/ZnO were measured directly. 
Fourier Transform Infrared (FTIR) was carried out using a Nicolet ThermoElectron 




assembly and a Ge plate. Poly-PCDA/composites powder was obtained by scratching off 
the inkjet printed poly-PCDA/composites on a Kapton film. The inkjet printing parameters 
on Kapton were the same as that for inkjet printing on paper substrates 
As a quantitative measure of the vividness or dullness of a color (or how close the 
color is to either the gray or pure hue), chromaticity of thin film and coated samples at 
different temperature during heating process was measured directly by an X-Rite 518 
optical densitometer on a temperature-controlled hot plate.  
4.3 Results and Discussion 
4.3.1 Inkjet Printing of PCDA and PCDA/ZnO 
The inkjet printing was conducted by using Fijifilm Dimatix (Model 2800) inkjet printer, 
due to the facts that the nozzles of 10-picoliter printing cartridge is ca.20 µm in diameter 
and the PCDA/ZnO composite inks are water based suspensions, sonication power and 
duration will be the primary factors that affect the feasibility of inkjet printing these 
materials.  
For the sonication power factor, probe sonication and bath sonication methods 
were selected. By comparison between PCDA undergoing bath sonication and probe 
sonication (30 min) (Figure 4.1), it is clear that probe sonication is more preferable than 




Figure 4.1 SEM images of PCDA after horn sonication (left) and bath sonication (right). 
 
The particle size change trend of PCDA particle is shown in Figure 4.2, it can be 
seen that the particle size of PCDA dramatically decreases from millimeter scale to around 










Figure 4.3 demonstrates that the ink is not visible when it is in the monomer state 
because PCDA does not absorb visible light (Figure 4.3a), in order to increase the contrast 
the ink was jet printed on Kapton film (Figure 4.3b). However, the polymerization of 
PCDA initiated by UV-irradiation (254 nm, 1 mW/cm 2, 30 s) results in the formation of 
blue image patterns (Figure 4.3c). This phenomenon agrees with the result reported by 
Yoon et al. that PDA monomers are well-aligned and closely packed following printing 
and that PDAs are indeed generated on the paper substrate
94
. Also, Figures 4.3c and 4.3d 
demonstrate a naked-eye-detected reversible color change of poly-PCDA/ZnO. 
 
Figure 4.3 Digital photographs of: (a) Inkjet printed PCDA/ZnO composite on 
conventional paper substrate; (b) Inkjet printed PCDA/ZnO composite on Kapton film 




4.3.2 Thermochromism in Poly-PCDA/ZnO Composites Fabricated by Inkjet 
Printing 
The molecular interaction upon the nanocomposite formation was studied by ATR-FTIR 
spectroscopy at room temperature in both the red and blue phases for poly-PCDA and in 
blue phase for poly-PCDA/ZnO composites fabricated by inkjet printing. The inkjet 
printed PCDA and PCDA/ZnO composites were investigated by Raman spectroscopy as 
well. Details about the molecular structural changes around the chromatic transition 
temperature were acquired by temperature-dependent Raman spectra of poly-PCDA and 
poly-PCDA/ZnO composites. The colorimetric changes as a function of temperature are 





Figure 4.4  ATR-FTIR spectra at room temperature of: (a) Inkjet ptinted poly-PCDA in the 












Figure 4.4 ATR-FTIR spectra at room temperature of: (b) and (c) Inkjet printed 
poly-PCDA and poly-PCDA/ZnO composites in the blue phase between 700 and 3000 
cm
-1
 and expanded in the 700 and 1900 cm
-1
 spectral range.  (Continued) 
 
Figure 4.4a shows the ATR-FTIR spectra of inkjet printed poly-PCDA in its blue 
and red phases, and Figures 4.4b and 4.4c show the spectra of poly-PCDA and 
poly-PCDA/ZnO composites in the 700 to 3000 cm
-1
 and expanded in the 700 to 1900 cm
-1
 
regions, respectively. For poly-PCDA and poly-PCDA/ZnO themselves, the asymmetric 






, and  the lines at 1465, 1420 and 1695 cm
-1
 are the same as those reported in 
the previous study
113
. Note that neither the interaction between SDS and poly-PCDA nor 
that between SDS and poly-PCDA/ZnO composites is observed from AFR-FTIR spectra. 
Compared with ATR-FTIR spectra of poly-PCDA in 4.4b and 4.4c, it is obvious that a 
relative strong new line shows up in the spectra of poly-PCDA/ZnO composites at 1540 
cm
-1
, meanwhile the C=O stretching line at 1695 cm
-1
 decreases in intensity with the 
increase the concentration of ZnO. The appearance of line at 1540 cm
-1
 well agrees with 
the previous work
113
, which suggests the formation of a chelate between the neighboring 
side chain -COOH head groups of poly-PCDA and zinc ions from ZnO.  
 A series of 780 nm laser excited Raman spectra were obtained to investigate the 
resonance-enhanced molecular vibrational modes of the conjugated poly-PCDA backbone. 
From the Raman spectra in Figure 4.5a for inkjet printed poly-PCDA, two intense lines at 
2086 cm
-1
 and 1457 cm
-1
 in the blue phase, and for the lines at 2124 cm
-1
 and 1520 cm
-1
in 
the red phase are the same as previous work reported that they were assigned to C≡C and 
C=C stretching vibrations, respectively. It could be implied that the SDS does not affect the 
phase transition of poly-PCDA. By comparison, the upshift in frequency is due to the 
irreversible stress on the polymer backbone which could result from the dissociation of the 
head group hydrogen bonds in the red phase
129
. The Raman lines at frequencies below that 
of the C=C stretching mode can be assigned to Raman-active deformation and C-C 
stretching motions of the conjugated polymer backbone mixed with hydrocarbon chain 
deformation modes. The triplet of lines around 1250 cm
-1
 and the line at 700 cm
-1
 in the 
blue phase are relatively intense which is due to resonance enhancement caused by the 









Figure 4.5 785 nm laser-excited Raman spectra of: (a) Blue (bottom) and red (top) phases 
of poly-PCDA at room temperature; (b) Blue phase of poly-PCDA and poly-PCDA/ZnO 



















Figure 4.5 785 nm laser-excited Raman spectra of: (c) PCDA and PCDA/ZnO with three 





Figure 4.5b shows the Raman spectrum of the inkjet printed poly-PCDA in the blue 
phase compared with the blue phase spectra of poly-PCDA/ZnO composites fabricated by 
inkjet printing. No peak in the C≡C stretching mode region of poly-PCDA could not be 
found in both the spectrum of poly-PCDA and that of poly-PCDA/ZnO composites, which 






. By contrast, a relatively weak line in the C=C region at 1520 cm
-1
 in the 
blue phase due to a red phase impurity disappears on composite formation. In comparison 
with poly-PCDA, another interesting feature which is consistent with the chemical 
interaction of poly-PCDA with ZnO is that the line at 690 cm
-1
 and the triplet of lines at 
1250 cm
-1
 assigned above to largely polymer backbone modes increases substantially in 
the composite phases.  Together with ATR-FTIR results, it is clear that the SDS would not 
affect the functional group of poly-PCDA, and the chelation between ZnO and 
poly-PCDA. 
Since no vibration intensity variation of COO
-
 and COOH for different ZnO 
concentrations was reported in work done by Patlolla
113
, and the concentration of ZnO 
could affect the chromatic property of poly-PCDA, further investigation was carried out 
the study the effect of ZnO concentration on PCDA system. The obtained Raman spectra of 
inkjet printed PCDA and PCDA/ZnO composites are shown in Figure 4.5c. The line at 
2259 cm
-1
 appearing in PCDA and PCDA/ZnO composites could be assign to the acetylene 




 in PCDA could be due to the C=C and C≡C 
stretching modes, respectively, which are caused by the polymerized PCDA. The 
frequency discrepancies between polymerized PCDA in PCDA and poly-PCDA could be 
due to the low polymerization degree of PCDA which gives weaker conjugation effect. 
With the adding of ZnO, a new line shows up at 2086cm
-1
. From Figure 4.5d, it can be 
observed that in the PCDA sample with 5wt% ZnO the line at 2086 cm
-1
 almost bears the 
same intensity of the one at 2107cm
-1
, then it increases in intensity with the increase of 
ZnO concentration. By comparing with the Raman spectra of poly-PCDA and 
poly-PCDA/ZnO composites, the line at 2086cm
-1




modes of poly-PCDA blue phase, and the one at 2107cm
-1
 could be assign to the stretching 
modes C≡C of poly-PCDA red phase. Based on the ATR-FTIR results, chelates formed 
between ZnO and PCDA. The interaction of carbonyl head group of PCDA with Zn ion of 
ZnO in acid environment could enhance the formation of the blue phase poly-PCDA, 





Figure 4.6 785 nm laser excited Raman spectra of pure poly-PCDA as a function of:  











Figure 4.7 785 nm laser excited Raman spectra of pure poly-PCDA/ZnO (5 wt%) as a 





















Figure 4.8 785 nm laser excited Raman spectra of pure poly-PCDA/ZnO (10 wt%) as a 





















Figure 4.9 785 nm laser excited Raman spectra of pure poly-PCDA/ZnO (15 wt%) as a 
function of: (a) Increasing temperature, and (b) Decreasing temperature. 
 
The effect of ZnO on the poly-PCDA is further investigated by 
temperature-dependent Raman spectra for poly-PCDA and poly-PCDA/ZnO composites, 
the spectra of which are shown in supplementary materials (Figure 4.6-4.9). The test 
temperature range is from 25°C to 150°C in increments of 10°C. After reaching 150°C, 




process. Since C≡C and C=C vibrations are the two major characteristic peaks to study the 
chromatic properties of PDA, the frequencies of stretching vibration for C≡C and C=C of 
poly-PCDA and poly-PCDA/ZnO composites as a function of temperature cycling are 
plotted in Figure 4.10. Note that the frequency upshift in the red phase decreases with 
increasing ZnO concentration suggesting that the stress on the polymer backbone is 
lowered due to chelation of ZnO with the head group of poly-PCDA to make the chromatic 
transition reversible. The plots in Figure 4.10 indicate increases in frequencies at the 
chromatic blue to red transition at 100 °C on heating for pure poly-PCDA and around 120 
°C, 130 °C and 140 °C, respectively, for poly-PCDA/ZnO composites with different ZnO 
concentrations. And on cooling process, the decreases in frequencies occur at 110°C, 
120°C, 130°C for each corresponding poly-PCDA/ZnO composite material, which 
corresponds to the intensity increase of COO
-
 suggested by ATR-FTIR spectra. Together 
with C≡C and C=C wavenumber as a function of ZnO concentration in both blue and red 
phase (Figure 4.11), it can be inferred that with the increase of ZnO concentration, the 






Figure 4.10 The polymer backbone C≡C and C=C stretching mode frequencies of 
































Figure 4.11 Wavenumber specific vibration peaks as a function of ZnO concentration (in 













4.3.3 Colorimetric Measurements 
The colorimetric performance of poly-PCDA and poly-PCDA/ZnO composites were 
investigated from two aspects: (a) chromaticity as function of temperature, (b) the Red, 
Green and Blue (RGB) values of different inkjet printed indicators (5 layers inkjet printing, 
5mm×5mm square).  
Chroma describes the dullness or vividness of a color, in other words, how close the 
color is to either gray or the pure hue. The changes in chromaticity as a function of 
temperature for poly-PCDA and poly-PCDA/ZnO composites are shown in Figure 4.12a. 
The rapid increase followed by a drop of the chromaticity of poly-PCDA is caused by the 
chromatic transition near 100 °C. 5 wt% ZnO increases the chromatic transition to 120 °C 
consistent with the Raman data. The poly-PCDA/ZnO composites with 10 wt% and 15 
wt% have almost the same correlation of chromaticity and temperature which indicates 
that most of the side chain head groups form chelate between PCDA and ZnO, the amount 
of chelate is reaching the maximum. Figure 4.12b shows fairly good reversibility in 
chromaticity as a function of number of cycles from 25 °C to 150 °C indicating that the 

















Figure 4.12 (a) Chromaticity versus temperature plots for poly-PCDA and 
poly-PCDA/ZnO composites of three different compositions; (b) Chromaticity of 
poly-PCDA/ZnO composites as a function of thermal cycle. 
 
The photographic images of PCDA or PCDA/ZnO at specific temperature show 
vividly the color variation with the increase of ZnO concentration (Figure 4.13a). The color 
images of PCDA on conventional paper were quantitatively analyzed by photography 
processing software to obtain the RGB values, the histogram of RGB values shows a 




justifies that the amount of strengthened blue phase poly-PCDA could affect the color of 
poly-PCDA. With the increase of ZnO concentration from 0~10 wt% the red value 
decreases, meanwhile blue value increases, this phenomena becomes more obvious at 
higher temperature. For the sample with 15 wt% ZnO, for the reason that the color is 







Figure 4.13 (a) Array of cropped photographic images of PCDA and PCDA/ZnO 
composites fabricated by inkjet printing on conventional paper at different temperatures; 







Raman, FTIR, and colorimetric measurements have been used to study the thermochromic 
reversibility of poly-PCDA/ZnO composites film fabricated by inkjet printing method. The 
ATR-FTIR results suggest that the surfactant SDS does not react with either poly-PCDA or 
poly-PCDA/ZnO, and SDS does not interfere with the chelate formation. Combined with 
temperature-dependent Raman spectra, the upshift temperature of the Raman-active 
υ(C≡C) and υ(C=C) vibration peaks increases with increasing ZnO content.  From the 
Raman spectra of PCDA/ZnO samples, it can be seen that ZnO could enhance the 
formation of the blue poly-PCDA, meanwhile inhibiting the formation of red poly-PCDA. 
Colorimetric measurements demonstrate a distinguishable colorimetric discrepancy with 
the increase of ZnO concentration, and excellent color change reversibility for 
poly-PCDA/ZnO composites. Also, the success of inkjet printing poly-PCDA/ZnO 






CHAPTER 5  
EFFECT OF ALKYL CHAIN LENGTH ON CHEMICAL SENSING OF 
POLYDIACETYLENE AND POLYDIACETYLENE/ZINC OXIDE 
NANOCOMPOSITES 
5.1 Introduction 
As chromatic sensor materials, polydiacetylenes (PDAs) have drawn tremendous attention 
due to their unique blue to red colorimetric transition, which can be triggered by 
mechanical, temperature and chemical stimuli
1-6,130,131
. Also, the solid state topotactic 
photo-polymerization of diacetylene monomers by exposure to UV or γ-radiation makes 
the synthesis of the PDAs more convenient and widespread for use in applications 
110,132
. 
Thermochromism in closely packed and uniformly ordered thin films of various PDAs are 
well known
97
 and have been widely studied for temperature-sensing applications
71,133-136
. 
Recent studies on enhancing the electrical conductivity of PDAs have broadened 
electrochromic applicationsof PDAs
13,62,94
. However, little attention has been paid to a 
systematic study of the use of PDAs in chemical sensing. Most studies have been 
conducted on polymers obtained from PDA monomers with one carboxylic group on the 
side chain, such as in 10, 12-pentacosadiynoic acid (PCDA) and 10, 12-tricosadiynoic acid 
(TCDA)
71,130,133-135
, however, PDA monomers with two carboxylic groups, such as 
10,12-docosadiynedioic acid (DCDA), have not been investigated for chemical sensing. 
Previous research on poly-PCDA/ZnO and poly-TCDA/ZnO nanocomposites 
provided a broad understanding of the changes in chromatic properties of the 
nanocomposites relative to those of the pure polymer
113,126
. In this chapter, further 




nanocomposites when exposed to different organics in the liquid phase. Raman 
spectroscopy was used to characterize the PDAs and PDAs/ZnO nanocomposites, together 
with ATR-FTIR studies at ambient temperature and density functional theory simulations 
to obtain a molecular level understanding of the colorimetric changes. In addition, 
colorimetric measurements were performed using photographic processing software to 
quantify the chromatic changes.    
5.2 Experimental Section 
5.2.1 Materials  
TCDA, PCDA and DCDA were purchased from GFS Chemicals and nanocrystalline ZnO 
(<100 nm diameter) was purchased from Sigma-Aldrich. Analytical grade chloroform was 
purchased from Sigma-Aldrich and used without further purification.  
5.2.2 Synthesis of PDA/ZnO Nanocomposites  
PDA/ZnO suspensions were prepared by suspending 0.045 mMol equivalent of ZnO in 10 
mM solution of the PDA monomer in chloroform. The suspension contained in a beaker 
was sonicated in a water bath at room temperature for 30 min and dried at 40 °C with 
magnetic stirring for 8 hours. The magnetic stirring was stopped after the liposome state 
was achieved. The pure PDA monomer and PDA monomer/ZnO composites were 
polymerized to the blue phase of PDA and PDA/ZnO composite by irradiating with a 254 
nm wavelength UV source. Powders of the blue phase composite were obtained by 
scraping from the beaker and grinding into a fine powder. Red phase composite powders 




5.2.3 Material Characterizations  
Raman spectra were obtained using a Mesophotonics Raman spectrometer with 785 nm 
laser excitation. The spectrometer was calibrated using a silicon wafer and diamond 
powder standards to a frequency accuracy of 1 cm
-1
. Thick films for the Raman 
measurements were prepared by mixing suspensions of PDA monomer with ZnO, using 
chloroform as the suspension medium. After drying and 254 nm uv-irradiation, Raman 
spectra from the dry powders of PDA and PDA/ZnO were measured on a silicon wafer. 
The effect of organic liquids on the PDAs were carried out by suspending the same molar 
amounts of PDA or PDA/ZnO in 4ml of the organic liquid, and measuring the Raman 
spectra after 5 minutes of bath sonication of the suspension. 
Attentuated Total Reflection (ATR)-Fourier Transform Infrared (FTIR) was 
carried out using a Nicolet ThermoElectron FTIR 560 spectrometer with a MIRacle 
attenuated total reflectance (ATR) platform assembly and a Ge plate. 
For precise colorimetric information, the photographic images of PDAs or 
PDA/ZnO composites in an organic liquid were quantitatively analyzed by photographic 
processing software to obtain the RGB values obtained from the combination of red, green 




5.3 Results and Discussion 
5.3.1 ATR-FTIR Spectroscopy 
 
Figure 5.1 ATR-FTIR spectra at room temperature in the blue phase of poly-DCDA, 
poly-PCDA and poly-TCDA, and their corresponding ZnO composites. 
 
 
Based on our previous studies
113,126
, ATR-FTIR can provide information on 
chemical interactions between the PDA side chain in poly-PCDA/ZnO and 
poly-TCDA/ZnO. To confirm if poly-DCDA/ZnO shows similar behavior, FTIR 
spectroscopy was carried out on this nanocomposite and also, for comparison, on 
poly-PCDA/ZnO and poly-TCDA/ZnO. The effect of the side chain head group and ZnO 
interaction is reflected in the FTIR spectra shown in Figure 5.1 In the 700-3000 cm
-1
 
spectral region, lines at 2920 and 2847cm
-1
 can be assigned to the asymmetric and 
symmetric stretching vibrations, respectively, of the CH2 groups on the side chains, the 
lines at 1463 and 1417 cm
-1
 can be assigned to CH2 scissoring modes, and the line at 1694 
cm
-1
 can be attributed to the hydrogen-bonded carbonyl C=O stretching vibration. A 
relatively strong line appears at 1540 cm
-1
 in the spectra of PDA/ZnO composites together 
with a concomitant decrease in intensity of the C=O stretching line at 1694 cm
-1






 line can be assigned to an asymmetric COO
−
 stretching vibration and its presence in 
the spectra together with the corresponding decrease in the intensity of the C=O stretching 
line can be attributed to the formation of a chelate between neighboring side chain -COOH 
head groups of the PDAs and Zn
2+
 ions from ZnO, in agreement with previous work
113,126
.  
However, comparing different PDA/ZnO composites under the same stoichiometric ratio 
of PDA to ZnO, even though chelate formation between PDA and ZnO are indicated in the 
ATR-FTIR spectra, the C=O line at 1694 cm
-1
 decreases in intensity to different degrees.  
For example, there is no evidence of the C=O line in the FTIR spectrum of 
poly-TCDA/ZnO. Also, the C=O line is very weak in poly-PCDA/ZnO, but remains 
relatively strong in poly-DCDA/ZnO (Figure 5.1). This suggests that chelation occurs only 
at one –COOH head group in poly-DCDA/ZnO, and at the one available –COOH head 
group present in both poly-TCDA and poly-PCDA.  
5.3.2 Raman Spectroscopy 
 
Figure 5.2 Raman spectra of poly-DCDA, poly-PCDA and poly-TCDA, and their 




Raman scattering due to the molecular vibrational modes of the conjugated 
polymer backbone are expected to be primarily resonance-enhanced for excitation using 
780 nm laser radiation. From the Raman spectra in Figure 5.2 for the pure PDAs in the blue 
phase, two intense lines near 2100 cm
-1
 and 1450 cm
-1
 are observed at room temperature in 
the blue phase, which can be definitively assigned to the C≡C and C=C stretching modes of 
the polymer backbone, respectively. However, there are small but measureable differences 
in the C≡C and C=C stretching mode frequencies for the different PDAs as summarized in 
Table 5.1. The C=C stretching mode frequencies for poly-TCDA and poly-PCDA are 
essentially the same within ±1 cm
-1
, whereas the C≡C stretching mode frequencies shows a 
small 2 cm
-1
 upshift and the appearance of a shoulder at 2124 cm
-1
 in poly-PCDA that is 
most likely due to the presence of a red phase impurity in the sample.
113
  The C≡C 
stretching mode frequency in poly-DCDA is, however, 16 and 18 cm
-1
 higher than that for 
poly-PCDA and poly-TCDA, respectively, indicating a higher strain on the polymer 
backbone in poly-DCDA associated with the presence of two –COOH head groups on its 
side chains. Chelate formation between PDA and ZnO in poly-TCDA/ZnO and 
poly-PCDA/ZnO results in a small frequency downshift for both the C≡C and C=C 
stretching modes relative to that of the pure polymer due to a small decrease in strain on the 
polymer backbone. By contrast, in poly-DCDA/ZnO there is a 4 cm
-1
 downshift in the C=C 
stretching mode frequency but a 2 cm
-1
 upshift in  the C≡C stretching mode frequency, 
probably linked to the presence of two –COOH head groups in poly-DCDA (also see 
further discussion in section on density functional simulations). 
In order to evaluate the use of the PDAs and PDA/ZnO nanocomposites as 




organic liquids on the Raman spectra of the PDAs and PDA/ZnO nanocomposites. 
Methanol, ethanol, benzyl alcohol, octanol, diethyl ether, dimethylformamide (DMF), 
dichloromethane (DCM), tetrahydrofuran (THF) and acetone (analytical grade from 
Sigma-Aldrich) were selected as organic liquids to trigger a color change. The results are 
shown in Figures 5.3-5.5, and the observed C=C and C≡C stretching mode frequencies of 







































Table 5.1 Polymer Backbone Raman Frequencies for Different PDAs and Corresponding 
PDA/ZnO Nanocomposites in the Blue Phase in the Presence of Organic Liquids 
Organic 
liquid 
Frequencies (cm-1)  
C=C C≡C C=C C≡C C=C C≡C 
 
poly-TCDA poly-PCDA poly-DCDA 
none 1456 2084 1457 2086/2124* 1452 2102 
methanol 1458/1524 2084/2124 1457 2096/2124* 1446 2102 
ethanol 1456/1524 2084/2124 1457/1522* 2090/2124* 1446 2102 
benzyl 
alcohol 
1456/1522 2082/2124 1457/1522 2086/2124* 1442 2098 
octanol 1454/1518 2080/2120 1457/1522 2086/2122* 1444 2100 
diethyl ether 1522/1456* 2126/2084* 1457/1522 2086/2124 1444 2100 
DMF 1524 2124 1457*/1522 2086*/2126 1522/1444* 2120 
DCM 1522 2126 1457/1520 2086/2126 1444 2100 
THF 1522 2124 1524 2124 1520*/1446 2120*/2102 
acetone 1524/1458 2126/2082 1457/1522 2090/2122* 1444 2102 
 
 
poly-TCDA/ZnO poly-PCDA/ZnO poly-DCDA/ZnO 
none 1454 2082 1456 2084 1448 2104 
methanol 1458/1524* 2084/2118* 1456 2084 1446 2084/2104* 
ethanol 1458/1524* 2086/2122* 1456/1522* 2084/2124* 1446 2080/2104* 
benzyl 
alcohol 
1458/1522* 2086/2124* 1456/1522* 2084 1444 2078 
octanol 1454/1518* 2082/2118* 1456 2084 1446 2078 
diethyl ether 1458/1522* 2086/2124* 1456/1522* 2084/2124* 1444 2100 
DMF 1456/1520* 2082/2124* 1456/1522* 2084/2126* 1444 2076 
DCM 1458/1522* 2086/2126* 1456/1520* 2086/2126* 1446 2080/2104* 
THF 1456/1522* 2084/2118* 1456/1524* 2084/2124* 1446 2080 
acetone 1456/1524* 2084/2124* 1456/1522* 2084/2122* 1444 2080/2104* 
Symbol ‘*’ represents a shoulder, DMF-dimethylformamide, DCM-dichloromethane, and 
THF-tetrahydrofuran 
 
From Figure 5.3, it is evident that the C≡C and C=C stretching mode lines of 
poly-TCDA and poly-TCDA-ZnO are either split by the appearance of a line at higher 
frequency due to the partial conversion to the red phase or shift to higher frequencies due to 
complete conversion to the red phase, depending on the organic liquid added. Poly-TCDA 
showed a peak splitting in the C≡C and C=C stretching mode regions of the Raman 




while in DMF, DCM and THF, the C≡C and C=C Raman peaks increase in frequency to 
new values due to complete conversion of the blue to the red phase. In the presence of 
diethyl ether a small shoulder due to the blue phase remains at a lower frequency although 
conversion to the red phase is complete. For poly-TCDA/ZnO, only a high frequency 
shoulder is formed in the presence of all the selected organic liquids, indicating that 
conversion to the red phase is not complete. This is likely to be due to chelate formation 
between neighboring side chains in the nanocomposites which makes the blue phase more 
stable.  
 
Figure 5.3 Raman spectra of poly-TCDA and poly TCDA/ZnO in the blue form and in 





The behavior of the Raman spectra of blue poly-PCDA and poly-PCDA/ZnO 
nanocomposite in different organic liquids is similar to that of poly-TCDA and its 
corresponding ZnO nanocomposite (Figure 5.4), except for the absence of red phase 
formation in methanol. For the other three alcohols, only weak red phase lines are 
observed.  
 
Figure 5.4 Raman spectra of poly-PCDA and poly PCDA/ZnO in the blue form and in 
different organic liquids.  
 
The Raman spectra of poly-DCDA and poly-DCDA/ZnO in different organic 
liquids are shown in Figure 5.5. By contrast to the results of poly-TCDA and poly-PCDA, 
poly-DCDA shows a small downshift in the C=C stretching mode frequency in the 




in DMF and THF). For the C≡C stretching mode, the upshift due to red phase formation is 
only observed in DMF and THF, while in most other liquids, the C≡C stretching mode 
frequency either remains the same (as in methanol, ethanol and acetone) or downshifts 
slightly (as in benzyl alcohol, octanol, diethyl ether and DCM). Compared with 
poly-DCDA, the downshift of the C≡C peak frequencies for poly-DCDA/ZnO is much 
larger in the presence of the organic liquids (for example from 2104 cm
-1
 to about 2080 
cm
-1
), whereas the C=C peak frequency downshift is small (from 1448 cm
-1





Figure 5.5 Raman spectra of poly-DCDA and poly DCDA/ZnO in the blue form and in 





From the Raman results, the kinetic mechanism of the chemochromism in PDA 
could be explained by the model suggested by Ajavakom et al
131
. An important feature 
worth noting is that the blue to red transition of PDAs induced by the organic liquids are all 
irreversible, but the organic liquid-induced transition for all three PDA/ZnO 
nanocomposites are reversible as shown by the Raman spectra (not shown here). This can 
be attributed to strong chelation interactions comparable to chemical bonding in the 
PDA/ZnO nanocomposites that provides greater stability to the blue relative to the red 
phase.  
5.3.3 Density Functional Theory Simulations 
Density functional theory (DFT) simulations were carried out to understand the interesting 
chemical sensing behaviors of the PDAs and PDA/ZnO composites in terms of their 
molecular structure properties. The simulations were carried out using Material Studio 4.3 
(Accelrys Software Inc.) with B3LYP (DND basis set) function in DMol3 modules which 
is a counterpart of the 6-31G* basis set of Gaussian 3.0. On balancing between the 
accuracy and number of computations needed, a medium-accuracy level calculation was 











Figure 5.7 Structure of the PDA segment used for the C-C torsion angle study. 
 
For construction of the molecular structure, consideration was given to the amount 
of computation needed and limitation of the Linux cluster available to carry out the 
simulations. Segments of the polymers shown in Figure 5.6, which are equivalent to 
molecules with a polymerization degree of 2, were used for this simulation. The main 
difference between the PDAs is the torsion angle of the single bond on the polymer 
backbone as indicated in Figure 5.7. This is probably due to the fact that the backbone 
carbon chain of the PDAs is in the zig-zag conformation with the possibility that torsion 
occurs on the carbon-carbon single bond. In order to clearly show the torsion angle of the 
carbon single bond for different PDAs, a cis-structured backbone is set as the 0° reference 
point. Also, each PDA was constructed and simulated five times to make sure that the 
conformation of the side chains is in a random state. The results showed that the C-C bond 















Table 5.2 C-C Torsion Angle on the PDA Backbones 
Trial Number 
C-C Torsion Angle (°) 
poly-TCDA poly-PCDA poly-DCDA 
1 49.018 39.746 7.561 
2 48.176 39.862 8.012 
3 49.694 40.354 7.402 
4 50.402 38.708 6.986 
5 48.464 39.454 7.124 
 
Due to the coincidence of C-C torsion angles in the simulations, it is obvious that 
the backbone structure of the PDAs is closely related to that of the side chain. In order to 
investigate the torsion on the backbone, the structure as shown in Figure 5.7 was adopted 
using a methyl group instead of the side chain. The basic idea was to determine how the 
torsion of the C-C bond affects the backbone structure; therefore, in this simulation the 
potential energy of this structure was considered as the criterion to evaluate the C-C bond 
torsion. The trans-structure was set as a reference potential energy point and the potential 
energy was calculated with the B3LYP/6-31G* function using C3-C4 torsions angles of 
30°, 60°, 90°, 120°, 150° and 180° while other C-C torsion angles were restricted. 
The results of the potential energy calculation are plotted in Figure 5.8, which 
shows that the maximum energy refers to a cis-structure which appears when θ=90°. This 
plot generally demonstrates how the C-C bond torsion angle affects the backbone system. 
It can also explain how PDAs with different side chains would exhibit different chromatic 
and spectroscopic changes discussed above (also see RGB section below). For example, 
the longer the C-C bond, the less stress is needed to induce a chromatic transition in the 
PDA, which is consistent with the fact that poly-TCDA is the most chromatically sensitive 





Figure 5.8 Potential energy curve as a function of torsion angle around the central C-C 
bond in cis-carbon with reoptimization of other geometrical parameters as discussed in the 
text.  
5.3.4 RGB Measurements 
To demonstrate the selective sensing capabilities of the PDAs, RGB measurements were 
conducted to quantitatively evaluate the color of the PDAs in the presence of selected 
organics.  From Figure 5.9, it can be seen that poly-TCDA turned red on contacting an 
organic liquid corresponding to a higher red value than green and blue values. Similar 
phenomena were observed for poly-PCDA samples (except in methanol). However, 
poly-DCDA only shows a distinguishable red value when DMF and THF are present, 
indicating that the chemical recognition ability of PDAs is closely related to the chemical 






Figure 5.9 (Top panel) Array of cropped photographic images of PDAs and PDA/ZnO 
nanocomposites in selected organic liquids; and (Bottom panel) Histogram of RGB values 




It was also observed that all the PDA/ZnO nanocomposites show similar RGB 
values with different degrees of blue color in the presence of different organics. This 
indicates that the chelates formed in PDA/ZnO nanocomposites involve a strong chemical 
bond, and can therefore withstand chemical stress to maintain the blue phase (as shown by 
the Raman data) in the presence of the selected organic liquids.  
5.4 Conclusions 
PDAs based on the monomers 10,12-pentacosadiynoic acid (PCDA), 10,12-tricosadiynoic 
acid (TCDA) and 10,12-docosadiynedioic acid (DCDA), and their nanocomposites with 
ZnO were evaluated for potential use as chemical sensors for selected organics in liquid 
form. Chromatic sensitivity evaluated by Raman spectral data and quantitatively RGB 
analyses, were found to be associated with the interaction of the organics with the PDA 
side chain to give rise to the blue to red colorimetric transition. ATR-FTIR spectral data 
show that chelate formation occurs only on one of the two carboxylic head groups in 
poly-DCDA/ZnO. Due to strong chemical interactions between zinc and carboxylic ions 
during chelate formation that stabilize the blue phase, chromatic sensitivity to organic 
liquids is low for PDA/ZnO nanocomposites. Density functional theory (DFT) simulations 
indicate that the chromatic sensitivity of the PDAs to a particular organic depends on the 
C-C bond torsion angle of the PDA backbone. Future studies will focus on the limit of 






CHAPTER 6  
DFT STUDY ON POLYDIACETYLENES AND THEIR DERIVATIVES 
6.1 Introduction 
Since polydiacetylene was first reported by Wegner in 1969 
36
, researchers have focused 
on the potential sensing applications of this conjugated material by modification and 
functionalization. Although the π-π* transition of PDA backbone has been theoretically 
studied, with more and more successful synthesis of PDA derivatives, side chain (length 
and headgroup ) effect are primarily subjected to experimental study and the theoretical 
studies on PDAs is quite scarce.  Only the monomer and the cyclic trimer models of DAs 
were investigated by the valence effective Hamiltonian method 
137
. 
In the present work, extensively theoretical calculations on the PDAs are 
performed. The geometries, vibrational frequencies, and electronic spectra of PDAs have 
been determined by density functional theory (DFT) and time-dependent-density 
functional theory (TD-DFT) calculations. The size dependence of excitation energy in 
PDA and the effect of the side chain properties on the conformation of backbone have been 
explored. 
6.2 Computational Details 
The equilibrium geometries and vibrational frequencies of PDAs and their derivatives in 
their ground states were calculated by the B3LYP functional with the 6-31G* basis set 
138,139
. In previous studies
140-142
, the B3LYP functional has been shown to be appropriate 
for the medium-sized heteroatom-containing carbon clusters. The vertical excitation 




For the extended-chain structure of PDA, the periodic boundary condition (PBC) 
calculation was conducted to determine its geometry and electronic property at the 
B3LYP/6-31G* level, where the repeat unit used in the PBC calculation is composed of 
four carbon atoms. All calculations in the present study were carried out with the Gaussian 
03 and Material Studio 6.0 program package 
146
. 
6.3 Results and Discussion 
6.3.1 Structures and Stabilities of PDAs 
The optimized bond lengths of PDAs with different chain length at ground state are listed 
in in Table 6.1. It can be seen that the carbon bond distance change bears an obvious 
alternating single bond, double bond and triple bond feature. For cis- and trans-forms of 
PDAs, the optimized C≡C, C=C, and C–C bond length are in the range of 1.201–1.215 Å, 
1.324–1.357 Å, and 1.390–1.414 Å, respectively. Due to the conjugation effect, the length 
of carbon single bond (around 1.400Å) is shorter than the length it usually is (1.540Å), 
whereas the length of carbon triple bond (around 1.210Å) is longer than its usual number 
(1.200Å). Based on the bond distance data, it is clear that diene-structure could not exist in 
a stable ground state of alternating single, double and triple carbon bond system. No severe 
change of carbon bond length is observed with the length of carbon chain increase. It is 
noticeable that the C≡C bond is almost unchanged, and the bond length distribution is 
almost independent on the chain size and the terminal structure regardless of C≡C or C=C. 
As found in previous calculations
137
, present calculations show that the acetylenic structure 
is more stable than a butatrienic structure, and no backbone transformation from acetylenic 
to butatrienic structure took place in full geometry optimization. The optimized C=C–C 




PDAs indicate that the conjugated chains have the character of localized single, double, 
and triple bonds and these geometrical features are independent on the chain size, differing 
from other linear conjugated carbon chains 
147,148
. 
To further verify the optimized structures are stable, the vibration frequency was 
calculated under B3LYP/6-31G*, and the calculated harmonic vibration frequencies are 







Table 6.1 Cis- and Trans-forms and the Optimized Bond Length (Å) of PDAs (n from 4 to 24) 
n  C2C C1C C3C C1C C2C C1C C3C C1C C2C C1C C3C C1C C2C C1C C3C C1C C2C C1C C3C C1C C2C C1C C3C 
4 cis 1.328 1.414 1.201                                         
 
trans 1.324 1.413 1.203                                         
6 cis 1.332 1.409 1.208 1.411 1.333                                     
 
trans 1.331 1.409 1.208 1.409 1.332                                     
8 cis 1.333 1.406 1.21 1.402 1.348 1.405 1.203                                 
 
trans 1.333 1.404 1.21 1.399 1.347 1.408 1.203                                 
10 cis 1.334 1.405 1.209 1.398 1.35 1.398 1.209 1.405 1.333                             
 
trans 1.334 1.404 1.211 1.396 1.351 1.396 1.21 1.403 1.334                             
12 cis 1.332 1.406 1.211 1.399 1.351 1.396 1.212 1.398 1.35 1.403 1.203                         
 
trans 1.333 1.405 1.211 1.396 1.355 1.398 1.212 1.399 1.352 1.404 1.202                         
14 cis 1.334 1.406 1.211 1.399 1.351 1.395 1.213 1.397 1.352 1.395 1.21 1.405 1.335                     
 trans 1.334 1.405 1.211 1.396 1.355 1.398 1.214 1.396 1.352 1.395 1.209 1.403 1.334                     
16 cis 1.333 1.406 1.211 1.397 1.351 1.393 1.213 1.396 1.354 1.393 1.212 1.396 1.35 1.404 1.202                 
 trans 1.332 1.406 1.211 1.396 1.354 1.394 1.213 1.395 1.353 1.395 1.212 1.395 1.348 1.404 1.202                 
18 cis 1.334 1.403 1.209 1.395 1.353 1.393 1.212 1.394 1.355 1.394 1.213 1.394 1.353 1.397 1.21 1.404 1.334             
 
trans 1.334 1.404 1.21 1.396 1.351 1.394 1.213 1.392 1.356 1.391 1.213 1.395 1.352 1.397 1.21 1.404 1.334             
20 cis 1.334 1.407 1.211 1.398 1.353 1.394 1.214 1.392 1.357 1.392 1.214 1.392 1.356 1.397 1.213 1.396 1.35 1.404 1.202         
 
trans 1.333 1.406 1.211 1.396 1.354 1.395 1.214 1.392 1.355 1.392 1.213 1.392 1.355 1.393 1.213 1.396 1.349 1.407 1.203         
22 cis 1.336 1.404 1.21 1.393 1.355 1.393 1.214 1.392 1.354 1.394 1.214 1.394 1.354 1.392 1.213 1.393 1.355 1.394 1.211 1.404 1.336     
 trans 1.336 1.404 1.211 1.395 1.353 1.391 1.213 1.392 1.353 1.393 1.214 1.391 1.356 1.393 1.213 1.393 1.354 1.394 1.21 1.403 1.334     
24 cis 1.334 1.405 1.21 1.398 1.353 1.393 1.214 1.394 1.357 1.39 1.214 1.39 1.358 1.39 1.214 1.393 1.355 1.397 1.213 1.396 1.349 1.405 1.203 
 










6.3.2  Electronic Transition Energy in PDA 
The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) of the repeated unit of four carbon atoms for the infinite PDA are depicted 
in Figure 6.1. HOMO is a bonding orbital, while LUMO is an anti-bonding orbital. The 
strongest adsorption for the infinite PDA is from the HOMO→LUMO transition. The 
HOMO–LUMO energy gaps (eV) for the trans-forms of PDAs as a function of the number 
of carbon atoms are depicted in Figure 6.2. As Figure 6.2 shows, the HOMO–LUMO 
energy gap decreases with the increase of the chain size, and the same behavior is also 
observed for cis-form isomers. 
 




















Figure 6.2 HOM-OLUMO energy gaps (eV) of the cis- and trans-form isomers vs the 
number of carbon atoms. 
 
Based on the definition of Fermi level, one reasonable approximation is to define 
the middle of forbidden band as Fermi level
149
, which could be expressed as Ef= 
(EH+EL)/2. The Fermi level vs chain length (N from 4 to 24) of polydiacetylenes (both cis 
and trans) is plotted in Figure 6.3. Based on the plotted figure, it is obvious that the Fermi 
levels exhibit a unique even-odd oscillation, in other words, the Fermi level of the chain of 
which carbon double bond number is equal to the number of carbon triple bond is lower 
than that of molecule of which carbon double bond number is more than the number of 
carbon triple bond. Meanwhile the Fermi level decreases with the increase of carbon chain 










Table 6.2 The Strongest Oscillator Strengths (f) and the Corresponding Vertical Transition 
Energies (λ) of cis- and trans-forms of PDAs 
  
The number of C atoms 
cis trans 
λ(nm) f ev λ(nm) f ev 
8 305 1.32257 4.1 305 1.25342 4.1 
10 348 1.79294 3.6 347 1.64423 3.6 
12 380 2.10411 3.3 380 1.95098 3.3 
14 408 2.30056 3 411 2.13974 3 
16 439 2.58981 2.8 439 2.6589 2.8 
18 465 3.432 2.7 459 3.18355 2.7 
20 488 3.57951 2.5 479 3.18298 2.6 
22 502 3.61147 2.5 506 3.30491 2.5 
24 527 3.83984 2.4 518 3.77881 2.4 
 
Table 6.2 presents the vertical transition energies and oscillator strengths for the 
π→π* transition in cis- and trans-form isomers by TD-B3LYP/6-31G*. As Table 6.2 
shows, the transition energy for the strongest adsorption gradually decreases, while the 
intensity increases as the chain size (n) increases. Such properties of electronic excitation 
are consistent with HOMO–LUMO gaps shown in Figure 6.2. The PBC calculations 





respectively, and this suggests that the strongest HOMO→LUMO adsorption for the 
infinite PDA appears at 723 nm. By plotting the maximum absorption wavelength as a 
function of chain carbon length, the nonlinear relationship is shown in Figure 6.4.  To 
further precisely illustrate the relationship, curves could be fitted according to the 









Figure 6.4 Vertical transition energy vs Chain carbon number of polydiacetylene:  





On the basis Equation (1), the fitting results for both cis form polydiacetylene are 
A=1.160, B=0.937, C=1.058, while for the trans form polydiacetylene A=1.101, B=0.896, 
C=1.066. When n→∞, the λ equals to 720nm and 683 nm for cis and trans form 
polydiacetylene, respectively, which match the PBC-predicted value of 723nm for the 
infinite PDA very well. 
In the PDAs system, we found that the TD-DFT calculation data is something 
different from the experimental data. Unfortunately, there is not any experimental value on 
small conjugate systems absorption available. However, this optical absorption 
characteristic is similar to that HC2nH system
151
, which is also caused by the excitation of π 
electrons in the extended linear backbone. In the HC2nH system, it usually takes Eq. (2) to 
rectify the calculation data. By Equation (2), we obtained the theoretical value of 638 nm, 
which is in good agreement with experimental value 640 nm. 
𝜆1 = 0.8 × (𝜆0 + 70) 
151
 (6.2) 
6.3.3 The Carbon Chain Conformation 
The electronic structure properties of PDA are closely related to both the backbone 
and side chain, which are closely related to the conformation. In last charpter, for the 
reason that the primary feature of the backbone of PDA is the Zig-Zag conformation, the 
C-C torsion effect on backbone was investigated and discussed. More attention has been 
given to side chain aspect in the following discussion, because, for the derivatives of PDA, 
the side chain could result in the change of electronic structure of PDAs’ backbones, which 
could attribute to variation of sensing abilities. 
The basic structure used for the side chain effect refers to Figure 5.7. First, define 





the starting structure. The C3-C4 torsion was calculated under B3LYP/6-31G*. The first 
series of calculations is to investigate the effect of alkyl chain length on the conformation 
of PDA’s backbone. The structure was changed accordingly by substituting the four R 
groups with different alkyl chains (number of carbon from 1 to 12). In order to increase the 
practical value of DFT simulation and further verify the assumption of C-C torsion effect 
on the sensing abilities, the second series of calculation is to investigate the C-C torsion by 
substituting two affinitive –CH3 groups with –COOH groups. Figure 6.5 shows an example 
of the structure used for the two series calculations. 
 
Figure 6.5 Snap shot of structures for the simulations in series1 and series 2 (side chain 
with five carbon atoms). 
 
The C-C torsions as a function of side chain length of series 1 and series 2 are 
plotted in Figure 6.6. It is obvious that for side chain with only alkyl structure, the C3-C4 
torsion increases with the side chain length, which could be due to the fact that the 





However, for the side chain with two headgroups substituted with carboxylic groups, the 
torsion angle increases at the beginning, after the side chain length reaches 8C, the torsion 
angle decreases. Also, compared with series 1, the torsion angles are much bigger than that 
of series 2, which is most likely caused by the interactions between the –COOH groups. 
Thus, in series 2, both the side chain length effect and interaction between carboxylic 
groups are acting on the overall C3-C4 torsion. Before side chain length reaching 8C, 
probably, the effect of interaction between the carboxylic groups is more dominant, in 
order to maintain the system at a stable state, the C-C torsion has to take place. This is why 
the changes of the C3-C4 torsion angle is more obvious that of series 1. However, when the 
side chain is longer than 8C, due to the flexibility and rearrangement of the side chain 
where the carboxylic groups locate in, the torsion caused by the headgroups interaction 
could be compensated by the side chain re-conformation. Thus, a decrease of torsion shows 
at the range of side chain length from 8C to 12C. 
 







A theoretical study of PDAs has been carried out by B3LYP and TD-B3LYP calculations 
with the DMol3/6-31G* basis sets. For the infinite PDA, PBC calculations were used to 
estimate the limits of structural and electronic transition energies. Calculations show that 
PDAs have remarkable character of localized single, double, and triple bonds and such 
structural features are independent of the chain size and the substitution of terminal atom. 
The alkyl side chain length and the carboxylic head group in PDAs can significantly 
modify their structural and electronic properties. 
The explicit analytical expression for the electronic excitation energy and the PBC 
calculation predict that the strongest adsorption for the infinite chain of PDA appears at 
723 nm, and the π→π* excitation in the carbon backbone is responsible for this strong 
electronic transition. Present results provide a basis for further experimental and theoretical 
exploration of these conjugated carbon chains. Also, by using DFT simulation, the C-C 






CHAPTER 7  
SUMMARY 
From the thermochromism and chemochromism study of PDAs and PDA/ZnO 
composites, it is clear that thermal and chemical triggers would result in the structural 
changes of PDA backbones. The primary changes are double bonds and triple bonds of 
PDA backbones, which could be observed via Raman spectroscopy. On the presence of 
ZnO nano particles, chelation between the carboxylic groups and the zinc ions could take 
place which could be observed via ATR-FTIR. The chelate could enhance the recovering 
ability of the structural changes caused by thermal and chemical triggers, in other words, it 
will lead to reversible color change. 
The studies of fabrication PDA thin films by inkjet printing show that both 
chloroform and water based DA or DA/ZnO inks could be ink jetted. The water based inks 
win over the organic system inks due to the fact that they are environmentally friendly, 
have long shelf life and adjustable ZnO concentration features. By adjusting ZnO 
concentration, the PDA/ZnO can provide different chromatic properties. The main 
advantage of fabrication of PDA or PDA/ZnO films by the inkjet printing method is that 
PDA or PDA/ZnO films can be deposited on various substrates. 
The DFT study of PDA structures further indicates the connection between the side 
chains and the PDA backbone structures. From the simulation results, it is obvious that the 
carbon single bond is more sensitive to the side chain structures. And the torsion angle 
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